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FINAL REPORT ON THE STUDY OF THE RELATIONSHIP

BETWEEN PROBABILISTIC DESIGN AND AXIOMATIC

DESIGN METHODOLOGY

INTRODUCTION

This program report is the final report covering all the work done on this project. The goal of

this project is technology transfer of methodologies to improve design process. The specific

objectives are:

1. To learn and understand the Probabilistic design analysis using NESSUS.

2. To assign Design Projects to either undergraduate or graduate students on the application of

NESSUS.

3. To integrate the application of NESSUS into some selected senior level courses in Civil and

Mechanical Engineering curricula.

4. To develop courseware in Probabilistic Design methodology to be included in a graduate

level Design Methodology course.

5. To study the relatiohship between the Probabilistic design methodology and

Axiomatic design methodology.



STUDENTS PARTICIPATION

• Undergraduate Students: Twelve undergraduate students were involved in various phase of

the project, however, eight of them who were juniors and seniors actually completed projects

using the probabilistic methodology. The projects they worked on are as follows:

1. Probabilistic Analysis of a Seismic Design Using NESSUS.

2. The Design of Shock Absorber using NESSUS.

3. Design of High Performance Spur Gear Using PDM.

4. Design of Helical Spring Using PDM

5. Application of PDM to the Analysis of A High Rise Truss Building

6. Application of Probabilistic Methodology in Shaft Design

7. Probabilistic Design of A High Performance Spur Gear with NESSUS As the Analysis

code.

8. The development of a Probabilistic Piston-Rod Selector Guide

The students who actually completed their projects are shown along with their topics in

Table 1.

• Graduate Students: Seven graduate students were involved in the program and the projects

they worked on are:

1. Probabilistic Design of Statistically indeterminate frame structures

2. Probabilistic Analysis of the Performance of a Shell and Tube Heat

Exchangers



Tablel. SUMARY OF UNDERGRADUATE STUDENTS PROJECTS AND STATUS

Name Topic Status

Douglas Crocker Probabilistic Design of high performance Completed

spur gear with the application of NESSUS. Aug., 1994

Steve Bogard

Fred Higgs III

Theresa Khayyam

Gregory Merriweather

Daniel Ogbonna

Sharon Claxton

The Design of Shock Absorber using
PDM.

Probabilistic design of a helical spring with

NESSUS as the design soft ware.

Probabilistic design of a multi-stage truss

with NESSUS as the computer code.

Design of a shaft using probabilistic design

methodology with NESSUS as the

computer code.

Probabilistic Design of A High

Performance Spur Gear with NESSUS as

Analysis Code.

• The Development of a Probabilistic
Piston-Rod Selector Guide•

Completed

Dec., 1995

Completed

Aug., 1995

Completed

May, 1995

Work in Progress

Completed

May 1995

Completed

May 1996

3. Comparative study of Safety Index Calculation

4. Probabilistic Design Methodology in Worm Gear Design

5. Comparative Study of the Use of AGMA Geometry Factor and PDM in the design of spur

gear

6. Optimal Configuration of Gear Train Using PDM.

The graduate students who participated in the program with the topics of their Master's

Projects are listed in Table 2.



Table 2. SUMARY OF GRADUATE STUDENTS PROJECT AND STATUS

Name Topic Status

Nitish P. Beri System Reliability Studies Plane Frame of a Completed

Single Story Structure Under Cumulative Aug. 1996

Damage.

Shiva M. Comparative study of the use of AGMA geometry Completed

Gangadharan factors and PDM in the design of compact spur Dec. 1996

gear set.

Muthuswamy E

Weimin Zhang

Sharon Dixon

Design of worm gears using probabilistic design

methodology with NESSUS computer code.

Study of design of a gear train using reliability

method based on optimization design method.

Probabilistic design of a shell-and-tube heat

exchanger using NESSUS.

Completed

Aug. 1996

Completed

Dec. 1996

Completed
Dec. 1996

RESULTS AND ACHIEVEMENTS

The note worthy achievements and the results of this work are summarized below:

Students Achievements

1st place in the ASME 1995 regional research competition

1st place in the 1995 College of Engineering capstone design presentation

2nd place in the 1996 College of Engineering capstone design presentation.

1 st and 3rd place in the Tennessee State University 18th Annual University-Wide Research

Day, March 25-26, 1996.



Six capstonedesignprojectshavebeencompletedandanotheroneis near completion.

Fivemastersthesiscompleted.

Sevenpaperspresentedby studentsin different conferences

Faculty Achievements

Nine publications were presented and published in conference proceedings.

A course-work was developed and included in an undergraduate/graduate level design

methodology course.

CONCLUSION:

We feel that we achieved all our objectives in the program. A major indication of the success

of our work is the response of an industrial panel who judged one of our students work as the

most outstanding among many Senior Projects that were presented to some industries in 1995.

Further more, we have received requests to send the work of our students to Sverdmp

Technology Inc. at Arnold AFB, Tennessee. More companies are beginning to show some

interest on PDM. We have produced students with fundamental knowledge in Probabilistic

Design Methodology. Therefore, we feel that we have started the process of Technology transfer

which is the primary purpose of this grant. We have outlined a method for combining

Probabilistic and Axiomatic design methodologies to form one comprehensive design method.



PUBLICATIONS/COMMUNICATIONS

Communications by Students

1. Fred Higgs III, "Probabilistic design of a helical spring with NESSUS as the design soft

ware". Presented at the National Conference on Undergraduate Research, April 20-22,

1995, Union College Schenectady, NY

2. Daniel Ogbonna, "Probabilistic Design of A High Performance Spur Gear with NESSUS as

Analysis Code". Presented at the National Conference on Undergraduate Research, April

20-22, 1995, Union College Schenectady, NY

3. Sharon D. Dixon, "The Redesign of a Shell and Tube Heat Exchanger Using The Probabilistic

Design Methodology". Presented at Tennessee State University 18th Annual University-

Wide Research Day, March 25-26, 1996.

4. Shiva M. Gangadharan, "Comparative Study of the Use of AGMA Geometry Factors and

PDM in the Design of Compact Spur Gear Set". Presented at Tennessee State University 18th

Annual University-Wide Research Day, March 25-26, 1996.



5.Nitish P.Beri, "StructuralReliabilityStudiesof a Single Story Plane Framed Structure Under

Cumulative Damage". Presented at Tennessee State University 18th Annual University-

Wide Research Day, March 25-26, 1996.

6. Muthuswamy E, "Design of worm gears using probabilistic design methodology with

NESSUS computer code". Presented at Tennessee State University 18th Annual University-

Wide Research Day, March 25-26, 1996.

7. Weimin Zhang, "Design of a Gear Train Using Reliability Method Based on

Optimization Design Method". Presented at Tennessee State University 18th Annual

University-Wide Research Day, March 25-26, 1996.

Publications and Communications by Faculty/Staff

Onyebueke, C. Onwubiko. " The Participation of Students in the Transfer of Technology with

regard to Probabilistic Design Methodology." Proceedings of the 1996 ASEE Annual

Conference, Washington, DC, June 1996.

F.C. Chen, C. Onwubiko, L. Onyebueke. "Design of a Framed Building using a Probabilistic

Fault Tree Analysis Method." Proceedings of the 37th AIAAJASCE/AI-ISlASC structures,

structural dynamics and material conference, part 4, pp. 2504-2510, Salt Lake City, Utah;

April 1996.



L. Onyebueke,C. Onwubiko." TheFutureRoleof ProbabilisticDesignMethodologyin

EngineeringEducation." Proceedingsof the World Conference on Engineering Education,

vol. 4, pp. 126-130, Minneapolis-St. Paul, Minnesota, October 1995.

L. Onyebueke, C. Onwubiko, F.C. Chen. "Probabilistic Design Methodology and Application of

Probabilistic Fault Tree Analysis to Machine Design." Proceedings of the ASME llth Biennial

Conference on Reliability, Stress Analysis and Failure Prevention vol. 2, pp. 125-133,

Boston, Massachusetts; September 1995.

Onwubiko, L. Onyebueke, Chen F.C. "Probabilistic Optimum Design of Compact

Spur Gear sets." Proceedings of the ASME llth Biennial Conference on

Reliability, Stress Analysis and Failure Prevention, vol. 2, pp. 115-124,

Boston, Massachusetts; September 1995.

L. Onyebueke, C. Onwubiko. "Probabilistic Design Methodology as a Tool for Improving

Engineering Education." Proceedings of the 1995 Annual Int'! Conf. of the ASEE pp. 964-

969, Anaheim, California; June 1995.

F.C. Chen, C. Onwubiko, L. Onyebueke. "Design of a Multistory Framed Building using System

Reliability Method.". Proceedings of the 36th AIAMASCE/AHS/ASC structures, structural

dynamics and material conference, pp. 950-956, New Orleans, Louisiana; April 1995.



L. Onyebueke, C. Onwubiko. "Probabilistic Design Methodology and Application to Machine

Design." Presented at the 3rd Int'l Conference on Stochastic Structural Dynamics; San

Juan, Puerto Rico, January 1995. To be published in the Probabilistic Engineering

Mechanics Journal.

L. Onyebueke, C. Onwubiko. "Probabilistic Design Methodology in Engineering Education."

Proceedings of the ASEE 1994 Southeastern Section meeting, pp. 380-391.
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Appendix A

Copies of communications and publications made by Faculties. The copies enclosed in the phase

II report are not included.

1. Combination of Axiomatic and Probabilistic Design Methodologies for Efficient Design

Analysis

2. Design of a Framed Building Using A Probabilistic Fault Tree Analysis.

3. The Participation of Students in the Transfer of Technology with regard to Probabilistic

Design Methodology



COMBINATION OF AXIOMATIC AND PROBABILISTIC DESIGN

METHODOLOGIES FOR EFFICIENT DESIGN ANALYSIS.

L.C.OnyebuekeandC.Onwubiko

TennesseeStateUniversity

Abstract

Presentedhereis amethodologythatcombinestheProbabilisticandAxiomatic design

methodologiesin one.Thismethod,whenfully developed,is expectedto producea more

efficientdesignanalysismethod.

Introduction:

In engineering,theword designhasadifferentmeaningto differentpeople.

Engineeringdesigncouldbetakento meanthedesignof thingsandsystemsof

engineeringnature,suchas,machines,products,structures,etc.Forthemostpart,

engineeringdesignutilizesmathematics,physics,materialsciences,chemistry,thermal

andfluid sciences,etc.

Therewasatimewhenengineerstackledmanyproblemsby cut andtry methods.Most

designswerebasedon trial anderror.Muchemphasiswasonworkability noton

efficiencynor reliability. Costwasoutof thequestionsincecompetitionwasnotan issue.

History showsthat mankindhasmadealot of progressin theareaof engineeringdesign.

However,muchstill remainsto bedonebeforewecanevergetto thedesiredperfect

point.



Almost everyengineeringdesignbookgivesthestepsthat lead to achieving an output

in a design problem. What is mainly lacking in most of these steps is knowing how to

choose between the many information that could result from the steps. Increasing

complexity of design problems militates against undefined and non-scientific approaches

to choice in design. It is now a human error for a designer to automatically exclude

certain parts of the solution space simply because it does not seem to contain a feasible

solution. The main problem that faces every designer is that of coping with the

complexity of a huge search space filled with millions of altemative combinations of

possible sub-components. Traditionally, this type of situation is dealt with by

concentrating on one sub-problem at a time. This still does not always give a satisfactory

solution. The search space in which we have to look for feasible new systems, composed

of radically new products and components, is too big for rational search and too

unfamiliar to be penetrated and simplified by the judgments of those whose education and

experience has been limited to the existing design and planning professions.

The need for a scientific and systematic method in the choice of design alternatives has

led to the development of different methodologies such as the deterministic, axiomatic,

probabilistic, etc. The deterministic design methodology has been applied in so many

areas of machine design. Suh and others [1-2] have demonstrated and applied the

axiomatic design methodology to reaction injection molding machinery, manufacturing

and manufacturing systems. There is a growing evidence that the probabilistic design

methodology is beginning to attract more attention. The evidences include the growing

number of reliability-oriented specialty conferences, short courses, sponsored research,

research papers, and technical books [3-5]. The advancement in design as a result of the



abovedesignmethodologiescannotbeover-emphasized.Though,a lot hasbeenachieved

usingthesemethodsseparately,is it notpossibleto combinethesedifferentmethodsinto

onecomprehensivemethod?

Developingacomprehensivedesignsystemthat incorporatesthedeterministic,

axiomaticandprobabilisticdesignmethodologieswill give thedesignera betterscientific

andsystematicability to choosebetweenseveraldesignalternatives.

Overview:

1.1 DeterministicDesignMethodology:

In deterministicdesignapproach,thedesignerconsidersthedesignparametersto be

knownwith certainty.Theuncertaintiesin theresponsefunctionsarenotquantified,and

theactualsafetymarginremainsunknown.The contingency of failure is totally

discounted, and this leads to the use of high factor of safety. Deterministic design is

reliable in situations where the design is tolerant to the environment, is insensitive to

material properties, and is characterized by simple geometry, redundancy and fail-safe

features. Under the deterministic approach, external loading and the properties of the

structure are represented as though they are fully determined. Though much importance is

placed on factor of safety, this does not give a direct account of uncertainties in design

parameters.

1.2 Axiomatic Design Methodology

This design methodology is based on axioms. The two basic axioms state that:

(a) Each functional requirement of a product should be satisfied independently by

aspect, feature or comp.onent within the design.

some
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(b) Gooddesignsareminimally complex.

Thesetwo conceptsareformalizedastheworkingsetof designandmanufacturing

axioms[1].

Axiom 1: Maintainthe independenceof functionalrequirements.

Axiom 2: Minimize theinformationcontent.

Thefunctionalrequirement(FR) is thestatementof thedesigntask.This method

demandsthat theFRsbestatedsuchthat anyof theFRscanbespecifiedwithout regard

to anyotherFR.A necessaryandsufficientconditionfor a setof functionalrequirements

to beacceptableis thatnoneof theFRsareredundantor inconsistentwith theotherFRs.

Thesecondaxiomrequiresminimizationof informationcontent.Theinformationis

givenin termsof designparameters(DPs).Thedesignprocesstheninvolvesrelating the

FRsof thefunctionaldomainto theDPsof thephysicaldomain.This is illustratedin

figure 1.

Functional Physical

space space

Figure 1: Mapping the FRs in the functional space to the DPs in the

physical space to satisfy the designer specified FRs.

The relationship between functional requirements and design parameters can be written in

a matrix form as follows:



FR_

FR 2

F _ •

-all al2 al. DP, [

a21 a22 a2n DR I

a._ an2 a.. DP. [

The axiomatic approach classified designs under coupled, quasi-coupled and coupled. In

an uncoupled design, only the diagonal elements of the design matrix are non-zero e.g.

Is,F = I_FR 2 j = a22 jLDP 2

In a quasi-coupled design, the matrix is represented as

F :.,q [,,,,o olr_,]_R_ l= a,, a22 OIIDP21

:R3 _l La3, a32 a33 3LDP3 J

In this case the independence of the FRs can be assured if the DPs are adjusted in a

particular order• The last and most common is the coupled design which can be

represented with the following matrix

[FRl a 0]I°,1F = FR 2 = a2, a2: az3 D12

FR 3 La31 a32 a33 Dt 3

In a coupled design, all elements of the design matrix may be non-zero.



Consideringthe statementsof thetwo axioms,anuncoupleddesignis consideredthe

bestdesign,followed by aquasi-coupleddesign.Thecoupleddesignis consideredto bea

baddesign.Theaxiomsin thismethodservemoreasanalyticaltools to evaluatethe

designdecisions.Theysimplify thedesignprocessby eliminatingatanystageof the

designprocessmanyalternativesthatproveto beunsatisfactory.

1.3ProbabilisticDesignMethodology

Probabilisticdesignisconcernedwith theprobabilityof non-failureperformanceof

structuresof machineelements.It is muchmoreusefulin situationswheredesignis

characterizedby complexgeometry,possibilityof catastrophicfailureor sensitiveloads

andmaterialproperties.In aprobabilisticstructuralanalysis,theprimitive (random)

variablesthataffectthestructuralbehaviorhaveto beidentified.Thesevariables,which

includetemperature,materialproperties,structuralgeometryandloadingconditions,

mustbedescribedby their respectiveprobabilitydistributions.A probabilisticanalysis

requiressubstantiallymorecomputationthanthecorrespondingdeterministicanalysis.

Someof theprobabilisticanalysismethodsthathavebeendevelopeddescribed[6]. The

methods are:

1. Approximate evaluation of the mean and variance of functions _;hrough Taylor series

expansion.

2. Monte Carlo simulation and variation.

3. Limit state function approach.

4. Hybrid approach in which the most probable point or directional information

approaches is used to reduce the sample space in simulation methods.



Thefoundationtheoryof thePDM usingthelimit stateapproachcanbeexpressedas

follows: In the limit stateapproachthedesignerisrequiredto definethe limit state

functionsapplicableto agivendesignproblem.Thelimit statefunctionor g-function is a

functionof avectorof basicrandomvariables,X = (X_,X2,---X°), with regions,namely,

thefailure(g_<0)andthesafe(g>0)regions.Giventheprobabilitydensityfunction(PDF),

fx(X), theprobabilityof failuredomainf2

Pf = _... _f,(X)dx

This multiple integral is difficult to evaluate directly for complicated g-function. It can be

computed using a straight forward standard Monte Carlo procedure which is usually time

consuming. The limit state function method applies the most probable point (MPP)

search approach. Several approaches are available to search for the MPP. One efficient

method in use is the advanced mean value method (AMV). This method provides

efficient cumulative distribution function (CDF) analysis as well as reliability analysis

[6]. Another method that is considered efficient as well is the adaptive importance

sampling method (AIS) [7]. This method focuses on minimizing the sampling domain in

the search apace after the MPP is identified. The AIS method is generally used for system

reliability analysis. The PDM accounts for uncertainties in design variables. It quantifies

the effects of uncertainties for structural variables and the evaluation of failure

probability.

1.4 Comprehensive Approach

The method being proposed here is a method that incorporates all the three methods

discussed above. The flow-chart for this method is represented on figure 3.



In tacklinganyparticularphaseof thedesignproblemasspelledout in adesign

morphology,thedesigneris unableto makea startuntil hehasdefinedtheproblemto the

bestof hisability. Thisrequiresastatementof needandaclearformationof thegoalsto

beachieved.Oncetheproblemhasbeenstatedascompletelyaspossible,thedesigner

collectsandorganizesall the informationavailableto him thatappearsto havebearingon

theproblemandthenproceedswith its solution.Statingtheproblemascompletelyas

possiblewill requireaclearandpreciseproblemstatementandacleardefinition of the

functionalrequirements.HavingdefinedtheFRs,thedesignercannow chooseDPsto

satisfytheFRsby conceivingaphysicalsolutionin thephysicaldomain.At this stageof

thedesign,certainconstraintscanbedefinedasthosefactorswhichestablishthe

boundariesonacceptablesolutions.Thedifferencebetweenfunctionalrequirementsand

constrainsis thatfunctionalrequirementsarenegotiablefinal characteristicsof aproduct

while constraintsarenot.

Themappingstageis followedby testto verify if thedesignaxiomsaremet.If theyare

met,thedesignerthendeterminesif thedesignrequiresadeterministicapproachor a

probabilisticapproach.

Conclusion:

The method presented demands a lot of steps but will certainly give a more efficient

design analysis.



w I Design Project
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Figure 3: Combination Design Methodology Flow Chart.
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Abstract

This paper shows the application of probabilistic fault

tree analysis (PFTA) method to the design of a framed
structure. The PFTA includes the development of a fault

tree to represent the system, construction of an
approximation function for bottom events, computation of

sensitivity factors of design variables, and the calculation of

the system reliability. The effect of uncertainty in the design

parameters is quantified by changing the standard deviation

of some of the design parameters and recomputing the

probability of failure. The computer code employed for the
analyses is NESSUS (Numerical Evaluation of Stochastic

Structure Under Stress). A design example is presented.

The importance of considering geometry as random

variables in structural design is quantified.

Introduction

Probabilistic structural analysis methods (PSAM) _have
been developed at the NASA Lewis Research Center to

analyze the effects of fluctuating loads, variable material

properties, uncertainties in analytical models and geometry,

and other factors. NESSUS (Numerical Evaluation of

Stochastic Structure Under Stress) _4 is a probabilistic

structural analysis computer code developed under the

PSAM program. This code can predict the scatter of
structural response variables due to structural and

environmental uncertainties. These predictions are
subsequently compared with their probable failure modes

to assess the risk of component fracture.

"Professor, Civil Engineering
Member ASCE

_Professor, Mechanical Engineering
Member ASME

*Research Associate, Mechanical Engineering
Member ASME

Copyright O 1996 by the American Institute of Aeronautics

and Astronautics, Inc. All right reserved.

The method of probabilistic structural analysis has been

applied by Shiao and Chamis s to determine structural

reliability and to assess the associated risk due to various

uncertainties in design variables. Chamis and Hopkins"
have applied this methodology to hot engine structures.

Other applications also have been reported by Shantaram

and Chamis 7. They studied the effect of combined

mechanical and thermal loads on space trusses.

This paper demonstrates the application ofprobabilistic

analysis procedure in the design of a framed building. The
software tool utilized in this example is NESSUS 8.

Framed Building Analysis

A framed building is a system whose main components
are beams and columns. Different failure modes of these

components can be identified by various collapse
mechanisms. For each collapse mode, the virtual work

principle is applied to relate the applied loads to the
structural resistance (plastic moment). The difference

between the structural resistance and the applied loads is

defined as the response function (g-function) or limit state

function. The failure of a system is due to the failure of its

components. Thus, a probabilistic fault tree analysis is

applied on the components to assess the probability of the

failure of a building.

Design Example

A building design involves several steps, which has

been illustrated by Chert et al. 9 Presented in this paper is

the application of the PFTA to the design of a three-story

two-bay rigid framed building as shown in Figure 1(a). The

span, SP, and the height, In', are considered to have normal
distribution with the mean of 24 ft and 12 f_on each floor,

respectively. The design dimensions are assumed to have
1% variation, or scatter.
1. Load estimation

The loads are estimated as horizontal force H=4 k,
vertical load V=40 k and distributed load W=2 k/ft. The

American Institute of Aeronautics and Astronautics

2504



loads are assumed to have lognormal distribution with 20%
variation and are shown in Table I.

2. Collapse mechanism_

Five possible collapse modes are shown in Figures 1(b)
to l(f). To simplify the diagram, all the loads with zero

virtual displacement are omitted.

3. Response function or g-function

A response function or the margin of safety is defined as
the difference between the internal energy stored and the

external work done on the collapse mechanism. Applying

the virtual work principle to Figures i(b) to l(f) and

rearranging the equation yields the following response

functions, respectively,

gl = PM1 - I/2*H*HT
g2 = PM2 - 1/3*H*HT

g3 = PM3 - 1/6*H*HT

gd = PMd - 1/16*W*SP_'*2

g5 = PM5 - I/8*V*SP

where PM's are the plastic moments of steel sections.
4. Fault tree

Since the failure of each mode will cause the failure of

the building, an OR gate is selected according to NESSUS

format 3''°. Figure 2 is a representation of the fault-tree

5. Preliminary design
From the AISC table, a set of steel sections is selected to

provide positive values for the response functions g I to g5.
It is assumed that the plastic moment of steel section has

iognormal distribution with 10% variation. The values of

plastic moments and their statistics are shown in Table I.

An input file is prepared according to the NESSUS tbrmat
and the output of the safety indexes is listed in column 2 of
Table 2.
6. Revisions

Assume that the safety index is 3.0 as recommended by

Galambos et ai. II, the results of the first revision and the
second revision are recorded in column 3 and column 4 of

Table 2, respectively. Since all the safety indexes are

greater than 3.0, the results of final steal selections are
shown in the last column of Table 2.

Discussion

The safety indexes in Table 2 are the output of NESSUS

using the curvature-based adaptive importance sampling

method (AIS) j2, since it is generally used for _stem

reliability analysis. For comparison purposes, the
conventional Monte Car}o method 0VfCM) is also

performed. Safety indexes by both methods are identically
the same for each performance function. However, the

computer time for the MCM is much higher than that of the

AIS. A slight difference in the system's safety index, by

both methods, is shown in Table 3.

Figure 3 shows the sensitivity factors for the design

parameters in the response function g4. It indicates that the

dimension of the structure, the span, is more sensitive than

other parameters in terms of the failure probability of the
structure. To further quantify the effect of the uncertainty of

the dimension, three (3) tables ,are presented: Table 4 shows

the effect of the variation of the span alone, Table 5 for
height alone, and Table 6 for both. The dimension scatter
is assumed to have 1% increment from the mean value. The

associated failure probability and the percentage change,
based on the mean value, are recorded in Table 4 to 6.

Table 6 shows that the failure probability increases almost

60% for 5% variation of dimensions. These relationships
of geometry uncertainty vs. failure probabilities are also

plotted in Figure 4.

This paper shows an example of designing a framed

building with the possible variations in applied loads,

resistant moments, and geometry. The results presented in

Figures 3 and 4 illustrate the importance of considering
geometry as random variables in structural design. With the

help of the PFTA the designer is able to compute the joint
effect of the failure modes.
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Table 1. Random Variables and Their Statistics

Variable Distribution Mean Std. per. Scatter,
Percentage

PM1 (Col. !), k-fl 48.0 4.80 10

PM2(Col.2), k-fl

PM3(Col.3), k-fl

PM4 (Roof), k-fl

PM5 (Beam), k-ft

HT (I-lei_t), R

SP (Span), fl

H (Wind), k

Lognormal

Lognormal

Lognormal

Lognormal

Lognormal

Normal

Normal

Lo_normal

Lognormal

Lo_aaormal

48.0

34.2

99.3

162.0

12.0

24.0

4.80

3.42

9.93

16.20

0.12

0.24

10

10

10

10

4.0 0.80 20

40.0 8.00 20

2.0 0.40 20

Table 2. Plastic Moments vs. Safety Indexes for Various Trial

Response
Function

gl, PMI
(Col. 1)

Preliminary

Plastic

Moment

48.0

W10xl5

Safety Index

3.1886

Plastic

Moment

same

1st Revision

Safety Index Plastic

Mmnent

same

WlOxl5

same

2nd Revision

Safety Index

same

g2, PM2 48.0 5.0155 34.2 3.4882 same same

(Col.2) Wl0xl5 W8xl3 W8xl3

83, PM3 34.2 6.6122 same same same same
(Col.3) W8xl3 W8xl3

g4, PM4 99.3 1.5107 132.0 2.7882 162.0 3.7080

(Root3 W14x22 WI6x26 WI6x31

g5, PM5 162.0 1.4179 200.0 2.3673 286.0 3.9786

(Beams) W16x3l W18x35 W21x44

System --- 1.042 --- 2.224 --- 3.083
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Table 3. Comparison of Different Solution Methods

Methods

Curvature-Based Adaptive

Importance Sampling (AIS2)

Conventional Monte Carlo*

Number of g-
function

Calculations

66 (55+)

100000 (83+)

Safety Index

3.083

3.145

Error,

Percentage

2

0

* This method is used as the "exact" for comparison.

+ Number of failure points.

Table 4. The Effect of the Uncertainty of Span

on the Failure Probability of the Structure

Dimension Scatter, Number of g- Failure Probability Change,#

Percentage function Percentage
Calculations _

0 65(54+) O. i0180E-2 0

1 66(55+) 0. i 0254E-2 0.7

2 67(56+) 0.10481E-2 3.0

3 70(59+) 0.10930E-2 7.4

4 74(62+) 0.11498E-2 12.9

5 83(71 +) 0.13468E-2 32.3

* Adaptive importance sampling method (AIS2) is used.
# The 0% scatter (mean value) is used as the base for comparison.

+ Number of failure points.

2508

American Institute of Aeronautics and Astronautics



Table 5. The Effect of the Uncertainty of Height

on the Failure Probability of the Structure

Dimension Scatter, Number of g- Failure Probability Change,#
Percentage function Percentage

Calculations*

0 66(55+) O. 10137E-2 0

1 66(55+) 0.10254E-2 1.2

2 67(55+) 0,10448E-2 3. I

3 67(55+) O. 10922E-2 7.7

4 66(54+) 0.11598E-2 14.4

5 0.13511E-2 33.372(58+)

* Adaptive importance sampling method (AIS2) is used.
# The 0% scatter (mean value) is used as the base for comparison.

+ Number of failure points.

Table 6. The Effect of the Uneer/ainty of both Span and Height

on the Failure Probability of the Structure

Dimension Scatter, Number of g- Failure Probability Change,#

Percentage function Percentage
Calculations*

0 66(55+) 0.10068E- 2 0

1 66(55+) O 10254E-2 1.8

2 68(56+) 0.10675E-2 6.0

3 69(57+) 0.11574E-2 15.0

4 7 i (59+) 0.12964E-2 28.8

5 81 (66+), 0,15821E-2 57.1

* Adaptive importance sampling method (AIS2) is used.

# The 0% scatter (mean value) is used as the base for comparison.

+ Number of failure points.
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The Participation of Students in the Transfer of Technology with Regard to Probabilistic Design

Methodology.

Landon C. Onyebueke, Chinyere Onwubiko

Tennessee State University

Abstract:

The variability and complexity of human needs and demands always lead to advancement in

technology, new discoveries and hence, the need for technology transfer.

Probabilistic Design Methodology (PDM) is a computational simulation method based on simple

engineering models. It is concerned with the probability of non-failure performance of structures or

machine elements. This technology has been successfully applied to various loading conditions encountered

during space flights. However, this technology is yet to be accepted in the industries. This paper uses

PDM to demonstrate the role of students in the transfer of technology.

Included in the paper are overview of PDM, the different stages that are necessary in preparing

students for effective technology transfer. Projects carried out by engineering students at Tennessee State

University are used to illustrate the features of PDM and how students can be used as a means for the

transfer of the technology to industries.

Introduction:

The effectiveness of any new technology is reflected in its usefulness. Its popularity depends on the

application and success in transferring the technology.

One of the most important areas in engineering that requires precision and accuracy is engineering

design. Engineering design mostly depended on deterministic design methodology. As a result,

deterministic design has reached a very high level of sophistication to the point that modem computational

techniques make it possible to determine the stresses, strain and displacement of complex structures. In

deterministic design the contingency of failure is totally discounted, which leads to the choice of a high

factor of safety.

Unfortunately, the design of structures are really clouded with uncertainties. The fact that deterministic

design methodology does not account for uncertainties in a direct manner makes it impossible to know

when a system is over-designed or vice versa. This fact has led to a more focus on PDM. PDM is

increasing in popularity among researchers due to the fact that it takes into consideration reliability,

optimization, cost parameters and the sensitivity of design parameters. Deterministic method, which is the

most common design method in the design of machine elements lacks most of these features. Probabilistic

design approach is concerned with the probability of non-failure performance of structures or machine

elements. It is much more useful in situations where the design is characterized by complex geometry,

possibility of catastrophic failure or sensitive loads and material properties. The PDM normally requires a

lot of computation but the advancement in technology has reduced the rigors that normally accompany

r'_r_ 1996 ASEE Annual Conference Proceedings
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most of the analyses involved. This method is used at the moment in a limited way due to the following

facts:

1. Most people are unaware of the capabilities of the PDM and the available computer codes.

2. There is very little information available on most design parameters.

However there is a growing evidence that the PDM is beginning to attract more attention. The

evidences include the growing number of reliability-oriented specialty conferences, short courses, sponsored

research, research papers, and technical books 14. The PDM and the information it provides are becoming

more widely understood and better appreciated.

This technology is not yet common in the industries. In order to transfer the technology effectively to

the industries, students must participate in the program. The stages necessary for students participation in

technology transfer can be outlined as follows:
1. Recruitment of students.

2. Teaching the students the new technology and equipping them with required tools.

3. Test their understanding of the technology by involving them in projects that will require the

application of the technology.

4. Sending students to industries that may need the technology.

Overview of PDM:

Probabilistic design approach is concerned with the probability of failure or preferably, reliability, the

probability that a structure will realize the function assigned to it without failure. In a probabilistic

structural analysis, the primitive (random) variables that affect the structural behavior have to be identified.

These variables, which include temperature, material properties, structural geometry and loading conditions,

must be described by their respective probability distributions. The amount of information contained in the

output data is equivalent to the amount of information required for the input data. Some of the probabilistic

analysis methods that have been developed are described by Rajagopal et al 6. These methods are:

1. Approximate evaluation of the mean and variance of functions through Taylor series

expansion
2. Monte Carlo simulation and variation

3. Limit State function approach

4. Hybrid approach in which the most probable point or directional information from limit state

function approach is used to reduce the sample space in simulation methods.

The analysis method applied in this demonstration is the limit state approach. This method requires the

designer to define the limit state functions applicable to a given design problem. The limit state function or

g-function is a function of a vector of basic random variables, X = (X 1, X2,---Xn), with g(X) = 0 being the

limit state surface that separates the design space into two regions, namely, the failure (g < 0) and the safe

.,(g > 0) regions. Given the point probability density function (PDF), fx(X), the probability of failure in the

t_ilure domain _q is,

(1)
pe = L---f fx(X) dx

This multiple integral is difficult to evaluate directly for complicated g-function. It can be computed using

a straight forward standard Monte Carlo procedure which is usually time consuming. The limit state

function method applies the Most Probable Point (MPP) search approach (see figure 1). Several approaches

are available to search for the MPP. One efficient method in use is the Advanced Mean Value method
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(AMV). This method provides efficient cumulative distribution function (CDF) analysis as well as

reliability analysis 7. Another method that is considered efficient as well is the Adaptive Importance

Sampling Method (AIS). This method focuses on minimizing the sampling domain in the search space after

the MPP is identified. The AIS method is generally used for system reliab!lity analysis 8.

The analytical process involved in the limit state approach has been illustrated elsewhere 9. For any

given g-function, there exists one or more solutions that satisfy the condition of g(X)=0 with locally or

globally maximum joint probability density. One of these solutions is the MPP in the X-space. In some

computational codes (e.g. NESSUS ) the MPP is defined in a transformed space called the u-space (in

which the u's are independent) to facilitate probability computations I°. By transforming g(X) to g(u), the

most probable point, u* on the limit state, g(X)=0, is the point which defines the minimum distance from

the origin to the limit state surface. This value is referred to as the safety index, [3. Figure 1 illustrates a

MPP diagram.
U2

flnal sam_)llng
surface

_._ initial sampling

_/_f region

]/ MPP (u_)

/ I _ _ l failure

/ 17  .,on
l ^F j

reg;on , g(u) 0

Figure I:.lllustratlonof the Most Probable Point (MPP).

Computational Tool:

One of the software tools available for determining MPP and pf is NESSUS. It has three different

modules known as NESSUS/PRE, NESSUS/FEM and NESSUS/FPI. These modules are described by Shah

et al zl. Incorporated into the NESSUS/FPI module is a sensitivity analysis program. The sensitivity analysis

factors computed by this module indicate which random variables are crucial and require special attention.

The equation employed for the sensitivity analysis is the Multi-factor Interaction Equation (MFIE) given

by Shah et al tl. The general form of the equation is given by:

i=i[ VoJ
(2)

Where

Mp represents degraded material property, Mpo represents reference material property, V denotes an effect

and the subscripts 0 and f represent conditions at reference and final stages respectively, a and i are user

defined.

In order to prepare the students adequately for the technology transfer, they are taught how to write a

simple program that will compute the approximate value of the MPP. The program is based on the

following analysis:

%'P,-* o _"

1996 ASEE Annual Conference Proceedings



Define a pertbrmance function for a system,

g(X) = g(X_,Xz,..,X,) (3)

where X = (XI,Xz,..,X,) is a vector of basic state variables of the system. The limit state function is defined

as

g(X) = 0

In terms of reduced variates, X/, the limit-state equation is

(4)

where

g(_xtX( + _tx, .... ,_xnX. / + _x.) = 0 (5)

X/i - Xi-llx_ ; i:i,2,..,n (6)

0 Xi

First order interpretationn:

The performance function g(X) is expanded in a Taylor series at a point x*, which is on the failure surface

g(x*) = 0; that is,

g<x_, x 2 , .., x_) = g<x_, x2 .... x_ ) + <x_-xZ)
i=I ,

+_ _=_(xi-xi) (xj-x]) / axioxj .+ (7)

where the derivatives are evaluated at (x,*, x2*,.., x,*). But g(xr*,X2*,..,Xn* ) = 0 on the surface; therefore

n

g ( Xz , X 2 .... Xn) = Y_
i=l

(Xi_xi ) Og

(a2 l+E (x_-_;)(xj-_;)/ ax--_xjj.'
j=l i=i

(8)

Note that,

X i - Xi* = (_x,X_' + lax) - (_x_X,'* + _x_) = _x,(X,' - x,'*)

_'illl.?
°,.o ,o
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and

Then

n

(9

In first-order approximation, that is, truncating the above series at the first-order term, the

approximate value of the mean and the variance of the function g(X) (for uncorrelated variate) are:

" x;'( a9] (i0)

n L
: . _:_t5_-7).

From equations (10) and (11) we obtain,

(ii)

n

-E xi'( ag )
.__ ':_ toxi).

(i2)

_=_t_TJ.

The most probable failure point of this equation is

/i

in which cq are the direction cosines and is given by

(13)

bo,
o>"A ".
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(b).
(14)

The above analysis is summarized in the following simple numerical algorithm by Rackwitz t2.

1. Assume initial values of xi*; i=l, 2, .., n and obtain

/, Xi -_x i
X i =

Ox i

2. Evaluate (Og/OX/i ) and _ at x

3. From x i" = _txi - (Xi*O'Xi[3

4. Substitute above xi* in g(x,*, xz*,..,x,*) = 0 and solve for 13

5. Using [3 obtained in step 4, reevaluate x_'* = -oq*13

6. Repeat steps 2 through 5 until convergence is obtained.

The above analysis can be adjusted for non-normal distributions and correlated variables.

Students' Involvement:

Students were given projects that will require the application of NESSUS. They were also given

assignments that required them to write a computer program based on the above numerical algorithm and to

compare the results obtained with that of NESSUS. Tables 1 and 2 are the design input data for design

-,e_xamples 1 and 2. Figures 2 to 5 show the results obtained by students for defined performance functions. The

r_'sults reflect some of the features of the PDM. Table 4 represents a comparison of the results obtained using

-NESSUS and the program written by students.

Design example 1. Design of a helical spring considering two failure modes where the limit state functions are
defined as follows 73.

gt = S - (8*Dm*F°*k) (15)
XZ)w3
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Figure 2: Probability of failure as a function of the
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Figure 3: Probability of failure versus coefficient of
variation of the wire diameter.

Design example 2. Design of a spur gear considering two failure modes where the limit state functions are

defined as follows_4:

w_*Pd (17 )
gl = St" - fw*Yf

_[2 = SC --

I

W e*P*M c , RI R2

_*fw*La l-V 2 + l-V_

Ep Sg

(18)

where,

g, = limit state function for bending stress

SL = design strength limit of the gear material

W t = tangential load

Pd = Pitch diameter

Yf = form factor

g2 = limit state function for contact stress

Sc = design endurance limit of gear material

P = circular pitch

R, = radius of curvature of pinion tooth

R 2 = radius of curvature of gear tooth

Ep = Young's modulus of the pinion material

Eg = Young's modulus of the gear material

Vp = Poisson's ratio of the pinion material
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-o.315 (L--_I 8*Fo*D_,Na
ga = (Lf*2.48e D° ) -

G, D 4w

(16)

Table 1 is the design input data for equations (15) and (16).

Table 1 : Input data

Variable Mean Standard deviation Distribution type

S (psi) 1.30E+4 3.25E+2 normal

Fo (lbs) 20 5 normal

D m (in) 7.50E- 1 7.50E-2 normal

Dw (in) 2.30E- 1 2.30E-2 normal

Lf (in) 6 1 normal

G (psi) 1.12E+7 6.40E+4 normal

N a 5 1 normal

where,

g, = limit state function for torsional shear stress failure mode

S = design limit ultimate strength of the spring material

(Chromium-Vanadium)

D m = mean diameter

Fo -- Force on spring

k = Wahl constant

Dw = wire diameter

g_ = limit state function for deflection failure mode

Lf = free length

N, = Number of active coils

G -- spring modulus of elasticity

The student studied the relationship between the probability of failure and the weight of the spring. This

is presented in figure 2. Figure 3 is the curve of the probability of failure as a function of the coefficient of

variance of the wire diameter. In figure 2 it is observed that the probability of failure decreases with increase

in the weight of spring. It also illustrates that after a certain amount of increase of the weight, any further

increase becomes ineffective. Figure 3 shows that the probability of failure increases with increase of the

coefficient of variance of the wire diameter. In other words, the probability of failure increases as the

uncertainty increases.
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Vg = Poisson's ratio of the gear material

M c = contact ratio

L_ = length of the line of action

Table 2 is the design input data for equations (17) and (18).

Table 2: Input data

Variables Mean

SL (psi) 30E+3

W t (lb) 650

Fw (in) 1.5

Yf 0.409

Pd (teeth/in) 8

Ep (psi) 30E+6

Eg (psi) 14.5E+6

R I (in) 0.342

R 2 (in) 1.069

L, (in) 0.736

M c 2.5

P (in) 0.392

Standard deviation Distribution type

1.0E+3 normal

20 normal

0.07 lognormal

0.02 lognormal

1 normal

1.5E+6 normal

7.25E+5 normal

0.081 lognormal

0.20 lognormal

0.11 lognormal

0.1 normal

0.1 lognormal

St(psi ) 55E+3 2.0E+3 normal

Vp 0.292 0

Vg 0.211 0

The student presented the sensitivity analysis and the probability of failure for each of the limit state

functions as illustrated in figures (4) and (5).

Vd S_ Pd Fw YI

Figure 4: Sensitivity factors for the design
parameters in gl (Probalnility of failure,

Pf = 0.0455)

wt Fw _: R_ _ Ep Eg

Figure 5: Sens_ factors for the design
parameters in g 2 (Probability of failure,

Pf = 0.0672)
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A probability fault tree analysis method t5 was applied in the computation of the probability of failure of

the system. The system probability of failure, Pf, was found to be 0.0701.

Design example 3. Design of a cantilever beam considering only one failure mode where the limit state
function is defined as:

gD= AL - 4*Q*I 3
E*b*h 3

(19)

Table 3 is the design input data for equation (19).

Table 3: Input data

Variable Mean Standard deviation Distribution type

A L (in) 0.75 0.042 normal

Q (kips) 1.888 0.282 normal

L (in) 18 0.9 lognormal

E (ksi) 30E+3 0

b (in) 1 0.05 lognormal

h (in) 1.5 0

where,

A L = deflection limit of beam

Q = concentrated load on beam

L = length of beam

E = Young's modulus
b = with of beam

h = height of beam

"Example 3 is analyzed using NESSUS and an equivalent

_. summarized in table 4.

ID

Table 4: Table of Com _arison

Method Safety index

Students' program 2.53936

NESSUS 2.53557

program written by students. The results are

Prob. of Failure

0.56880E-2

0.56132E-2

_!t!1.:
°,_Q ,o
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-- Strategy:

The aim of this exercise is to involve the students in the program in such a way that they will have a full

knowledge of the technology. The fact that the students can write their own programs means that they can

demonstrate the technology in any industry even when the industry has no standard PDM software. It gives

the students the opportunity to use any available computer hardware. It also makes it possible for industries

to have a good idea of the features of the technology without much financial commitment.

Conclusion:

The steps necessary for preparing students to participate in the transfer of technology has been illustrated.

The effectiveness of this participation depends on how well the students are trained in the new technology. In

the case of PDM, the fact that the students are trained to write their own program reduces their limitations

when they go to industries that do not have any standard PDM software. Most industries will be more willing

to try a new technology that requires little or no capital commitment than when a huge capital is involved.
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Appendix B

Copies of Capstone Design Projects. The copies enclosed in the phase II report are not included.

1. The Development of a Probabilistic Piston-Rod Selector Guide.

2. The Design of Shock Absorber using PDM.

3. Probabilistic Design of a helical Spring with NESSUS as the Design Software.
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CHAPTER I

INTRODUCTION

Uncertaintiesareunavoidablein the design and planning of engineering systems.

Therefore, the tools of engineering analysis should include methods and concepts for

evaluating the significance of uncertainty on system performance and design. In this

regard, the principles of probability (and its allied fields of statistics and decision theory)

offer the mathematical basis for modeling uncertainty and the analysis of its effect on

engineering design [ 1].

Probabilistic design methodology have significant roles in all aspects of

engineering planning and design. Under conditions of uncertainty, probability and

statistical decision theory allows modeling of engineering problems and evaluation of

system performances. Relative to decision making, probabilistic design methodology

outlines the logical framework for risk assessment and risk-benefit.

The objective of this project is to develop a piston-rod selector guide using

probabilistic design methodology. This selector guide will allow a quick design selection

of three design parameters; diameter, length and load at a specified reliability level. Any

one parameter can be found if the other two are known. The results obtained are

compared to an existing deterministic selection guide.

The following chapters deal with certain topics that form the basis of the design.

In CHAPTER II, a discussion of the theory used in designing a piston-rod was

developed. CHAPTER III discusses the numerical simulation of the design. The

1
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discussion and results of the piston-rod selector guide are presented in CHAPTER IV and

CHAPTER V outlines the conclusion of the design.
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CHAPTER II

BACKGROUND INFORMATION

Piston-Rod

A piston-rod is the connecting rod attached to a piston and its crankshaft.

Piston-rods are compression members; therefore, the theory of columns is

applicable.

Critieal Loading

When an applied load places the connecting rod in an unstable condition

(critical load) a failure occurs. The four modes of failure investigated that

normally occur with a connecting rod are compression, wear, fatigue and

buckling. To determine the critical load for long and medium columns Euler's

equation (Equation 2-1) must be applied [2]. Johnson's equation (Equation 2-2)

is utilized for short columns [2].

Pcr=ASy(1-Q/4r 2) (2-2)

Per =S_IQ (2-1)

Q=(Syl.,2)/(ng2E) (2-3)

3



TABLE 2-1: Coefficients of End Conditions Defined [3]

4

C*

Theoretical Conservative Recommended

Fixed-Free 1/4 1/4 1/4

Rounded-Rounded 1 1 1

Fixed-Rounded 2 1 1.2

Fixed-Fixed 4 1.2

The factor n is called the end-condition constant as shown in TABLE 2-1, and

it may have any one of the theoretical values tA, 1, 2, and 4, depending upon the

manner in which the load is applied. To fix the column ends so the factor n = 2 or n

= 4 would apply is very difficult, if not impossible. Because of this, some designers

never use a value of n greater than unity.

To determine whether the column is long, medium or short a condition must

be met. IfQ/r 2 < 2 then Johnson equation applies, otherwise Euler equation is used.

Q, which is mathematically expressed in Equation 2-3, has no physical significance;

it is a means of simplifying the expression for critical load [2]. The critical load is the

load necessary to place the column in a condition of unstable equilibrium. In this state

any small crookedness of the member, or slight movement of the support or load will

cause the column to collapse.

Column Failure

A column failure is always sudden, total, and unexpected, and hence
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dangerous. There is no advance warning. A beam will bend and give visual warning

that it is overloaded; but not so for a column [3]. Therefore, probabilistic design

methodology is very important in the development of a piston-rod.

Short columns subjected to centrally applied loads may be analyzed or

designed on the basis of direct compression [4]. The compression is formed by the

load stress applied. The load stresses are formed within the elastic limit and induced

by external loads. A compressive stress is the reverse of a tensile load. Tensile stress

is defined as:

where,

o=P/A (2-5)

cr = tensile stress

P = axial load

A = cross-sectional area.

Wear is the gradual abrading of surfaces in contact as a result of relative

motion between them. Some rule of thumbs with wear are as follows:

2,

3.

Wear increases with time of running.

Wear is less with hard surfaces than with soft surfaces.

Below a certain load, wear is low and above this load it rises greatly



causingseverewear andthis holds true for both cleanand lubricated surfaces.

More than 90%of all mechanicalfracturesarearesultof fatigue failures,

it is important for the engineer to know how materials will react to fatigue

conditions. Fracturedsurfacescorrespond to discontinuities in the surface,

machining marks, "metallurgical notches" such as a abrupt changes in the metal

structure. Once started, a crack propagates through the metal upon repeated

application of load, crack growth due to the stress at the tip of the crack exceeding

the strength of the material.

The primary failure mode focus of this project is buckling. Theoretical

equations for the determination of the buckling load of columns were first

developed by Euler . The Euler formula (Equation 2-1) for buckling load or

critical load of a column was derived on the assumption that the column bows

sideways while the stresses are within the elastic limit. This type of failure is the

result of elastic instability. If the column is of less slender proportions, the

maximum stress may reach the yield point before sideways bowing occurs; the

Euler formula does not predict the critical load. This type of failure is the result

of plastic instability and J. B. Johnson's Formula as seen in Equation 2-2, which

predicts this critical load.
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CHAPTER III

SELECTOR GUIDE DEVELOPMENT

An existing design of a piston-rod selector guide was utilized. The existing design

was based on deterministic design methodology. Therefore, this design is the redesign

of an existing piston-rod selector guide implementing probabilistic design methodology.

With this design the advantages of probabilisitic design over deterministic methodology

are to be pointed out. As mentioned earlier, the main objective of this project is to

develop a piston-rod selector guide using probabilistic design methodology and compare

it to an existing deterministic design.

To arrive at the f'mal design goal a sequential design methodology was utilized.

These steps are as follows:

1. Problem Definition

2. Selection of Design Parameters

3. Data Assembly

4. Probabilistic Analysis

5. Interpreting Results

A* Problem Definition

In this design there is only one functional requirement, which is to design

a reliable machine element to carry a load under compression. In order to

accomplish this a selector guide was designed to allow a quick design selection
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of three parameters; diameter, length and load at a specified reliability level.

Selection of Design Parameters

To design a piston-rod acceptable design parameters must be established

to meet the functional requirement. Also, the objective must be clearly defined.

In order to develop a probabilistic piston-rod selector guide the

design parameters and failure mode(s) must be identified. The primary design

parameters associated with the designing of the piston-rod are load, length,

diameter and modulus of elasticity. The objective of the piston-rod selector guide

is to allow a quick selection of one design parameter (load, length and diameter)

if the other two are known. Also, the selector guide indicates the reliability of

the piston-rod as a result of buckling failure.

Data Assembly

This project is the redesign of a current deterministic piston-rod selector

guide (TABLE 3-1). The same material and some of the design variables of the

deterministic design were used in the probabilistic design. However, the redesign

allows for uncertainty in the diameter, load and length, indicating the reliability

of the piston-rod.

A computer program was written (Figure 3.- 1) to design the piston-rod and

calculate the diameter. Given the load and length the program indicates the

column type (long or short) and diameter size. From equations (2-1) and (2-3) the

diameter of a long column is expressed as follows:
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a.[(64P3 (3-1)

The diameter of a short column from equations (2-2) and (2-3) is given by

d-[ 4P% 45_L 2
xSy nx_E 11/2 (3-2)

Do Probabilistic Analysis

Numerical Evaluation of Stochastic Structures Under Stress (NESSUS)

computer code was used to preform the probabilistic analysis of this design. Using

Nessus, the probability of failure and the sensitivity of the diameter in the design were

obtained. NESSUS has three different modules; NESSUS/PRE, NESSUS/FEM,

NESSUS/FPI (Figure 3-2).

NESSUS/PRE is a pre-processor. It prepares the statistical data needed for

probabiSstic design analysis. In this module, the user describes the uncertainties in the

random variables. Knowledge of statistical theory is required to define random

0variable characterization. In this module the G-function must be defined as shown

in Equation 4-1, which is the limit state function for buckling. It specifies

_(x)'PiF (4-1)
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the boundary between the safe and failure region, which is defined as follows:

G(=)>Osafe

G(x)<O failure

Eo

NESSUS/FEM is a general purpose finite element code which is used to

perform structural analysis and evaluate the sensitivity of the design parameters. The

sensitivity indicates which design parameter effects the design most.

NESSUS/FPI is the fast probability integrator. It extracts information from

the FEM module and calculates the probability of failure.

Interpreting Results

As mentioned probabilistic analysis indicates the sensitivity of the design

parameters, meaning it specifics the parameter that effects the probability of failure

most. From the study of the sensitivity analysis associated with each piston-rod

design the diameter was the most sensitive of the design parameters. Figure A-1

illustrates an example of the sensitivity analysis.

The probability of failure was determined for each design increasing the

diameter 1/16 inch. As the diameter increased the probability of failure readily

decreased. The information obtained was organized into a selector guide.
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TABLE 3-1: Deterministic Piston-Rod Selector Guide [2]

11
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CHAPTER IV

RESULTS

The piston-rod is made from a medium carbon steel, chrome plated and

polished. The yield strength is 100,000 psi and a modulus of elasticity of 30,000,000 psi. The

rod is well protected against wear and corrosion. The ends of this piston-rod design are

rounded; therefore, the coefficient of the end condition has a value of 1. The relationship of

the design parameters and probability of failure as a result of buckling is outlined in TABLE

4.1.

14
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i Load

Obsl

TABLE _1:

Length

(in)
400 38

400 96

40O 180

400 292

500 34

500 86

500 161

500 261

600 31

600 79

600 147

700 28

700 72i

700 137

700 221

Probabilistic Piston-Rod Selector Guide

Probabiibtic

Diameter
Deterministic

Diameter

(in)
0.625

1.000

1.375

1.750

0.625

1.000

1.375

1.750

0.063

1.000

1.375

0.063

1.000

1.375

Probability of
Failure

0.0023104

0.0019302

0.0017219

0.0017573

0.0023212

0.0019721

0.0017223

0.0017413

0.0028356!

0.0021473

0.0017268

0.0016274

0.0017320

0.0018918

0.00178701.750

(in)
0.57166

0.63416

0.88416

0.94666

1.00916

1.22212

1.28462

1.34712

1.40962

1.61585

1.67835

1.74085
1.80335

0.57173

0.63423

0.89799

0.96049

1.02299

1.22213

1.28463

1.34713

1.40963

1.55024

1.61274

1.67524

1.73774

1.80024

0.57146

0.63396

0.90022

0.96272

1.02522

1.22220

1.28472

1.37220

1.40972

0.56598

0.62848

0.69098

0.89464

0.95714

1.01964

1.22544

1.28794

1.35044

1.41294

1.55141
1.61391

1.67641

1.73891
1.80141

_rubabHity of
Failure

0.0193529

0.0015492

0.0330739

0.0078143

0.0014986

0.0277050

0.0096361

0.0029909

0.0008483

0.0127632

0.5251890

0.0020290

0.0007450

0.0193731

0.0015194

0.0249538

0.0056138

0.0010416

0.0277060

0.0096365

0.0029909
0.0008483

0.0297830

0.0131094

0.0054528

0.0021108

0.0007762

0.0193196

0.0015441

0.0252742

0.0057267

0.1070508

0.0277726

0.0096419

0.0029932

0.0008491

0.0182599

0.0013936

0.0000749

0.2446953

0.0054463

00009991

0.0280848

0.0098220
0.0030666

0.0008750
0.0298876

0.0132734

0.0054847

0.2126458

0.0007829

15
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TABLE 4-1: Probabilistic Piston-Rod Selector Guide Continued

Load

Obs)
700

800

80O

8O0

800

800

900

900

900

900

900

Length

(in)
288

27

68

128

207

270

25

64

120

195

254

Deterministic

Diameter

(in)
2.000

0.625

1.000

1.375

1.750

2.000

0.625

1.000

1.375

1.75o!

2.000

1000 24 0.625

1000 61 1.000

Probability. of
Failure

0.0017320

0.0024638

0.0019765[

0.0018612

0.0018197

0.0017861

0.0019302

0.0019302

0.0017219

0.0017992

0.0017323

0.0022676

0.0020573

ProbabHistic

Diameter

(in)
1.78929

1.85179

1.97679

2.03929_

0.57274

0.635241

0.89805

0 96055
1.02305 !

1.22487

1.28737

1.34987

1.41237

1.55220

1.61472

1.67722

1.73972

1.80222

1.72836

1.79086

1.85336

1.91586

1.97836

2.04086

0.56871

0.63121

0.89743

0.95993

1.02243

1.22212
1.28462

1.34712

1.40962

1.55171

1.61421

1.67671
1.73921

1.80171

1.72681

1.78931

1.85181

1.91431
1.97681

2.03931

0.57135
0.63385

0.89909

0.96159

1.02409

Probability of
Failure

0.0244668

0.0054459

0.0023794

0.0009990

0.0195632

0.0015803

0.0024961

0.0056164

0.0010422

0.0280160

0.0097887

0.0030530

0.00O8703

0.0299746

0.0133200

0.0055108

0.0021374

0.0007878

0.0476084

0.0248517

0.0119360

0.0054853

0.0023999

0.0010090

0.0187810

0.0014668

0.0248745 I

0.0055853

0.0010345

0.0277053

0.0096360
0.0029909

0.00084831

0.0299184'

0.0132914!

0.0054943
0.0021308'

0.0007847

0.0474414

0.0244691

0.0118672

0.0054463

0.0023796

0.0009999

0.0192925

0.0015404

0.0251153

0.0056699

00010559

16
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Load

(Ibs I
1000

1000

1000

2OOO

2000

200O

2000

Length

114

187

241

17

43

81

131

Deterministic

Diameter

1.375

1.750

2.000

0.625

1.000

1.375

1.750

3000 14 0.063

3000 35 1.000

3000 66 1.375

107300O

3000 139

i.750

2.000

Probability. of
Failure

0.001755167

0.0020855

0.0017362

0.0013212:

0.0019721

0.0018757

0.0018354

Probabilistic

Diameter

0")
1.22279

1.28529

1.34779

1.41029

1.68341

1.74591

1.80841

1.72691

1.78941

1.85191

1.91441

1.97691

2.03941

0.58469

0.64719

0.91433

0.97683

1.03933

1.18643

1.24893

1.31143

1.37393

1.43643

1.52281

1.58531
1.64781

1.71031

1.77281

0.0026027 0.57365
0.63615

0.0018896 0.89688

0.95938

1.02188
0.0018232

0.0018446

0.0171181

1.22414

1.28664

1.34914

1.41164

1.55284

1.61534
1.67784

1.74034

1.80284

1.72619

1.78869

1.85119

1.91369
1.97619

2.03869

Probability. of
Failure

0.0277831

0.0096739

0.0030063

0.0009537

0.0056878

0.0022219

0.0008244

0.0474526

0.0244767

0.0118716

0.0054489

0.0023110
0.0009976

0.0197408

0.0008715

0.0172635

0.0036722

0.0006555

0.0504251

0.0190726

0.0063700

0.0019163

0.0005321

0.0428594

0.0198301

0.0084857

0.0033880

0.00!2781
0.0197513
0.0000200

0.0247930

0.0O55785

0.0010274

0.0279326

0.0097479

0.0030363

0.0008643

0.0300209

0.0133507

0.0055261

0.0021456

0.0007912

0.0473764

O.0244248

0.0118401

0.0054312

0.0023731

0.0009953



TABLE _1: Probabilistic Piston-Rod Selector Guide Continued
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Load

(Ibs !
3000

Length

{in}
218

Deterministic

Diameter

tin)
2.500

Probability of

Failure

0.0018025

Probabilistic

Diameter

(in)
2.14542

2.20792

2.27042

2.33292

2.395421

2.45792

2.52042
0.57135

Probability of
Failure

0.0540247

0.0322305

0.0185690

0.0102802

0.0054964

0.0028485

0.0014369
4000 12 0.625 0.0022676 0.0192925

0.63385 0.0015404
4000 30 1.000 0.0016381 '0.89324 0.0242632

0.95574 0.0053765

1.01824 0.0009815

4000 57 1.375 0.0017552

4000 93

121

189

271

1.750

2.000

2.500

3.000

4000

0.0019384

0.0018380i

0.0018297

0.0017251

0.0031414

0.0017861

4000

1.22279

1.28529

1.34779

1.41029

1.55508

1.61758

!.68008

1.74258

1.80580

1.72984

1.79234

1.85484

1.91734

1.97984

2.04234

2.14639

2.20889

2.27139

2.33389

2.39639

2.45889

2.52139

2.55863

2.63113

2.68363

2.74613

2.80863

2.87113

2.93363

2.99613

3.05863

0.5_86

0.63_6

0.89543

0.95793

1.02043

4000

5000 I1 0.625

5000 27 I.000

2.7782906

0.0096739

0.0030063

0.0008537

0.0302308

0.0134736

0.0055905

0.0021761

0.0008044

0.0477653

0.0246885

0.0120013

0.0055216

0.0024190

0.0010183

0.0541119

0.0322959

0.0186150

0.0103107

0.0055155

0.0028601

0.0014434

0.0584025

0.0382359

0.0244525

0.0151909

0.0092020

0.0054405

0.0031482

0.0017877

0.0009978

0.0203903

0.0017048

0.0248201

0.0054851
0.0010090



1 TABLE 4-1: Probabilistic Piston-Rod Selector Guide Continued

Load

(Ibs)
5000

5000

5000

5000

5000

5000

6000

6O00

Length

(in)

Deterministic

Diameter

(in)
50 i.375

83 1.750

108 2.000

169 2.5'00

243 3.000

330 3.500

25 1.000

471 .... 1.375

Probability of

Failure

0.0013370

0.0018812

0.0017861

0.0018227

0.0017861

0.0017310

0.0021685

0.0020087

Probabflistic

Diameter

(in)
1.15087

1.20337

1.27587

1.33837

1.40087

1.55372

1.61622

1.67872

1.74122

1.80372

1.72836

1.79086

1.85336
1.91586

1.97836

2.04086

2.14614

2.20864

2.27114

2.33640

2.39614

2.45864

2.52114

2.56130

2.62380

2.68630

2.74880

2.81130

2.87380

2.93630

2.99880

3.06130

3.03745

3.09950

3.16245

3.22495

3.28745

3.34995

3.41245

3.47495

3.53745

0.83798

0.90048
0.96298

I. 02548l 16508

1.227581

1.29008:

1.35258

1.41508 _

ProbabBityof
Fa_ure

0.0685626

0.0267224

0.0091615

0.0027989

0.0007813

0.0624661

0.0133990

0.0055515

0.0021576

0.0007964

0.0476083

0.0245816

0.0119361
0.0054852

0.0023999

0.0010090

0.0540904

0.0322809

0.0186037

0.0103032

0.0055108

0.0028572

0.0014417

0.0586139

0.0384034

0.0245803

0.0152841

0.0092722

0.5484629

0.0031769

0.0018059

0.0010089

0.0432893

0.0297572

0.0200159

0.0131966

0.0085561

0.5445124

0.0034114

0.0021076

0.0012844

0.0884258

0.0253087

0.0057394

O. 1073796

0.0712483

0.0283299

0.0099417

0.0031160

0.0008925
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TABLE 4-1: Probabilistic Piston-Rod Selector Guide Continued

2o

Load

(Ibs)
6000

6000

6000,

6000

7000

7OO0

7000

i

Length

tin)

Deterministic

Diameter

(in)
76 1.750

154 2.500

222 3,000

302 3,500

231 1.000

43 1.375

70 1.750

Probability of

Failure

0,0019615

0.0017786

0.0018053

0.0017916

0.0019900

0.0017062

0.0018273

Probabilistic

Diameter

(in)
1.49312

1.55562

1.61812

1.68062

1.74312

1.80562

2.14456

2.20706

2.26956

2.33206
2.39456

2.45706

2.51956

2.56212

2.62462

2,68712

2.74962

2,81212

2.87462

2.93712

2.99962 i

3.062121

2.97804

3.04054

3.103041

3.16554
3.22804

3.290541

3.35304_

3.41554_

3.47804

3.54054

0.835731

0.89823

0.96073

1.02323i

1.15930

1.22180

1.28430

1.34680i

1.40930

1.48991

1.55241

1.61491

1.67741

1.73991

i.80241

Probability of

FaHure

0.0627293

0.0302822

0.0135031

0.0056407

0.0021832

0.0008076

0.0539466

O.0321724

0.0185280

0.0102529

0.0054794

0.0028386

0.0014311

0.0586815

0.0384569

0.O246204

0.0153137

0.0092877

0.0054986

0.0031860

0.0017967

0.0010124

0.0621568

0.0434675

0.0299008

0.0201270

0.0132795

0.0086178

0.0054889

0.0034418

0.0021282

0.0O12981

0.0877990

0.0249887

0.0056259

0.oo1o447
0.0700920

0.0276693

0.0096192

0.0029838

0.0008458

0.0622841

0.0299840

0.0133297

0.0055143

0.0021400

0.0007888
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Load

pbsl
7000

7OO0

7OOO

7OO0

70OO

8000

8000

Length

(inl
91

143

205

279

365

221

41

Deterministic

Diameter

(in)
2.000

2.500

3.000

3.500

4.000

1.000

1.375

Probability. of
Failure

0.0017126

0.0018526,

0.0017419

0.0017395

0.0017789

0.0026870

0.0022168

Probabilistic

Diameter

{in)
1.72622 I

1.78872

1.85122
1.91372

1.97622

2.03872

2.14719

2.20960

2.27219

2.33469

2.39719

2.45969

2.52219

2.55937

2.62187

2.68437

2.74687

2.80937

2.87187

2.93437

2.99687

3.05937

3.03789

3.10039

3.16289

3.22539

3.28789

3.35039

3.41289

3.47539

3.537891

3.393821

3.456321
3.51882!

3.58132'

3.64382!

3.70632

3.76882

3.83132

3.89382

3.95632

4.01882

0.90621

0.96871

1.03121

1.23114

1.29364

1.35614

1.41864

Probability of
Failure

0.0473767

0.0244245

0.0118399

0.0054314

0.0023718

0.0009954

0.0541860

0.0323764

0.0186539

0.0103366

0.0055316

0.0028697

00014488

0.5846314

0.0382826

0.0244879

0.0152168

0.0092202

0.0054529

0.0031563

0.0017928

0.0010008

0.0433144

0.0297786

0.0200314

0.0132090

0.0085649

0.0054512

0.0034158

0.0021105

0.0012864

0.0648747

0.0475831

0.0343912

0.0245654

0.0172429

0.0119259

0.0081419

0.0054795

0.0036445

0.0023971

0.0015606 i

0.0261499

0.0060367

0.0011513

0.0287366

0.0101419:

0.0031990

0.0009220'
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22

Load

Obs)
8000

8000

8000

8000

8000

8000

9000

Length

0")

Deterministic

Diameter

fin)
66 1.750

85 21000

133 2.500

192 3.000

261 3.500

341 4.0001

20 1.000

Probability. of

Failure

0.0020369

0.0016788

0.00i71191

0.0017722

0.00174[3

0.0017483

0.0016381

Probabilistic

Diameter

fin)
1.55734

1.61984

1.68234

1.74484

1.80734

1.72520!

1.78770

1.85020

1.91270

1.97520

2.03770

2.14212

2.20462

2.26712

2.32962

2.39212

2.45462

2.51712

2.56070

5.62320

2.68570

2.74820

2.81070

2.87320

2.93570

2.99820

3.06070

3.03789
3.10048

3.16298

3.22548

3.28798

3.35048

3.41298

3.47548

3.53798

3.45455

3.51705

3.57955

3.64205

3.70455

3.76705

3.82955

3.89205

3.95455
4.01705

0.89324

0.95574

1.01824

i

ProbabfliW of
FaUure

0.0304427

0.0135976

0.0056555

0.0022067

0.0008178

0.0472681

0.0243520

0.0117956

0.0054068

0.0023602

0.0009891

0.0537236

0.0320873

0.0184108

0.0101755

0.0054310

0.0028096

0.0014147

0.0585669

0.0383658

0.0245515

0.0152631

0.0092552

0.0054747

0.0031704

0.0018018

0.0010064'

0.0433199
0.0297825

0.0200349

0.0132113

0.0085668

0.0054526

0.3416609 !

0.0021112!

0.0012868

0.0474896

0.0343129
0.0245016

0.0171926

0.0118871

0.0081125

0.0054577

0.0036285

0.0023856

0.00155271

0.0242632
0.0053765

0.0009815'
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i
CHAPTER V

CONCLUSION

The functional requirement of the design was met. Probabilistic design methodology

has been developed to design a piston-rod. The information obtained was organized into a

selector guide. NESSUS was used to evaluate the probability of failure. Probabilistic design

methodology has an important design feature over a deterministic method. It evaluates the

risk in the design indicating a probability of failure.

This design used no factor of safety. It gives the designer a range of diameters to

select from for each piston-rod design. Therefore, the designer is able to select a diameter

depending on the failure tolerance specified. Using a probabilistic design can eliminate the

waste of material on a deterministic design. Also, probabilistic design methodology indicates

the sensitivity of the design parameters, which can aid in readily reducing failure.

:'_,r
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CHAPTER I

INTRODUCTION

This project has a specific purpose, which is to use

Probabilistic Design Methodology (PDM) to design a shock

absorber. The shock absorber is analyzed by pin pointing

certain failure modes in an attempt to maximize the life

expectancy and optimize the performance.

There are certain failure modes that are very critical

in the design of a shock absorber. The analysis for quanti-

fying these failure modes and the design approach is

discussed in the next Chapters.

Chapter two deals with the design approach and how

Probabilistic Design Methodology was initially implemented

into this design project. Also, this chapter introduces

phases of the design and all the necessary components such

as a brief discussion of helical compression springs,

viscous damping, and how they are interfaced.

Chapter three deals with the design parameters and how

the shock absorber can fail due to stress over loads,

buckling, and vibrations. Through stress analysis, this

chapter provides some detail to how failure can occur in a

shock absorber by analyzing compression springs under static

loads and fatigue. Also, it covers the topic of deflection,

and how failure can result due to buckling. The most



critical part of this chapter is the vibration analysis,

which deals with how automotive suspensions react under

dynamic loading. Chapter four involves the actual design

procedure for the shock absorber. Also, it deals with the

probabilistic and deterministic results involved in a

design.

Chapter five concludes this project by giving a brief

discussion of all the different techniques that are used to

obtain the final results.



CHAPTER II

DESIGN APPROACH

This chapter focuses on the design approach for the

shock absorber. The first task begins with understanding the

theory behind Probabilistic Design Methodology, and how to

incorporate this method into designing a shock absorber.

Also, attention is confined to different components

that make up the shock absorber. The sections in this

chapter provide some detail of what the design components

are and their functional requirements. An overview of how

PDM is implemented in the project is also discussed.

2.1 Overview of Probabilistic Analysis

As a design approach, it was crucial to develop a

concise understanding of how to apply Probabilistic Design

Methodology (PDM) and use the computer code NESSUS.

The NESSUS code served as a tool to perform all the

necessary calculations. NESSUS has three different modules

known as NESSUS/PRE, NESSUS/FEM and NESSUS/FPI [i].

NESSUS/PRE is simply a pre-processor that prepares

statistical data needed for the probabilistic analysis and

allows the user to describe the uncertainties in the random

variables.

NESSUS/FEM (Finite Element Module) is used to perform

structural analysis and evaluation of sensitivity due to

3



variation in different uncorrelated variables. It also

contains an algorithm to compute the sensitivity of random

variable, to be stored and used later [I].

NESSUS/FPI is a Fast Probability Integrator that has

several analysis methods, with the Fast Probability

Integrator being the fastest. The FPI uses data created by

the NESSUS/FEM, to develop a statistical distribution of the

random variables and to compute the cumulative distribution

function and sensitivity of the variables.

While using the computer code NESSUS, it is important

to have a general knowledge of how the input data is

incorporated into the NESSUScode. Therefore, one must

understand the meaning of limit state functions. This

function defines the boundary between the safe and failed

regions of a design, as shown below.

Where,

AL

A

G(A) =AL-A =0

= Allowable design variable

= Actual design variable

(2-1)

and the limit state function can be defined as the

following:

G (x) >0 implies safe set of

G (_X) <0 implies failed set of

Where X is any set of random variables (Xl,X2,X3,..Xn).
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Also, to deal with the problems of system reliability,

fault tree analysis is incorporated into the NESSUS code.

This method has three major characteristics such as bottom

events, combination gates, and the connectivity between the

bottom events and gates.

2.2 Defining The System

For this project, the shock absorber is used to

generate smoother rides in vehicles by reducing the amount

of vibrations that a vehicle undergoes during dynamic

loading such as a bump on a road as shown in FIGURE 2-1. The

bumpy road can also be represented as a harmonic function

which is shown later in Chapter three.

In FIGURE 2-2, one can see that the shock absorber

consists of two components which are a compression spring

and viscous damper. This model shows a clear and defined

representation of how the components are interfaced. Due to

the fact that these two components will work simultaneously,

it was crucial to grasp a clear and concise knowledge of

compression springs and viscous dampers to understand the

design criteria and failure modes.

2.2.1 _elical Compression Springs.

The helical compression spring serves as an energy

absorbing component. By selecting the appropriate wire, it

can be made to resist tensile, compressive, or torsional

loads.

In FIGURE 2-3, one can see that there are many

factors that must be considered such as coils, pitch or
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lead, free length, and space between the coils.

The material that was used for this particular

compression spring is chrome vanadium. This is the most

popular alloy steel spring for conditions involving higher

stresses than can be used with the high-carbon steels and

for use where fatigue and long endurance are needed. Also,

it is good for shock and impact loads [2].

2.2.2 Viscous Damper

Viscous damping serves a very important purpose for

this part of the design process. Without any damping, the

system will fail due to extreme oscillation. The damper is

shown in FIGURE 2-1, and it is represented by the dashpot

symbol. The viscous damper is characterized by the resistive

force exerted on a body moving in a viscous fluid [3]. Also,

this device serves as an energy-dissipating element.

To include the effects of viscous damping in a vibra-

ting system, it is assumed that the mass element is directly

connected to the piston of a dashpot. The velocity of the

piston is the same as that of the vibrating mass subjected

to a damping force, is explained in more detail in Chapter

three.



+X_

-X,

Bumpy road Flat road

Figure 2-1: Automotive Suspension Under Dynamic Loading.



Compression

Spring

VISCOUS

Damper

FIGURE 2-2: Idealized View of Shock Absorber.
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FIGURE 2-3: Compression Spring.



CHAPTER III

DEFINING THE DESIGN PARAMETERS

This chapter discusses the Design Parameters that are

acceptable for meeting the functional requirement of the

system. Later in this Chapter, the design parameters that

are affected under stress, deflection, and vibration are

defined, and equations are generated which are pertinent to

qauntifying failures. These equations are called limit state

functions. With limit state functions and defining the

random variables, it is possible to use the NESSUS code to

design the components of the shock absorber such as

determining the appropriate spring stiffness under stress

and deflection, and to minimize the vibrations. Also, the

limit state function for vibration is used in determining

the viscous damping constant. This criteria is explained in

more detail during the next two sections in this Chapter.

3.1 Stress Analysis

In designing the compression spring as a component of

the shock absorber, stress is analyzed as one of the failure

modes for this design. Therefore, defining the design

parameters and random variable will require some simple

analysis. This analysis can be visualized by taking a round-

wire helical compression spring loaded by an axial load [4].

A helical compression or tension spring can be thought of as

10
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a torsion bar wound into a helix. Since the spring used in

this design is made of solid round wire, the resulting

torsional stress is

Tr , 2D +d., 8FD, (3-1)

where, D is the mean coil diameter, d is the wire diameter,

and F is the static load.

Using Equation 3-1, the limit state function can be

defined as

,2D +d., 8FD. (3-2)

where, _max is maximum torsional stress. This limit state

function can be incorporated into NESSUS to determine the

probability of failure for stress. From Equation 3-2, the

random variables are mean coil diameter, applied load, and

wire diameter. The maximum torsional stress is derived as

Zmax=O.51Zut (3-3)

Where rut is an estimate of the minimum tensile strength



as shown in Equation 3-4 below.

12

Zut = A/d m (3-4)

A and m are constants found in TABLE 3-1 for chrome

vanadium.

While looking at stresses in more detail, there are

shear stresses represented by the inner surfaces of a coil

spring, but there are two additional shear stress components

[4]. A transverse shear stress resulting from force F,

applied to the arbitrary cutting plane and torsional shear

stress. At the inner coil surface, the direction of this

stress coincides with that of torsional stress because of

the curvature of the coil.

Also, since the shock absorber is subjected to dynamic

loading, fatigue failure most be considered during the

stress analysis. Therefore, the goodman criterion is

employed to find the factor of safety as shown in Chapter

four. A factor of safety in the range of 2.5 to 3 is

acceptable for the spring, since it is used in uncertain

environments or subjected to uncertain stresses [4].

3.2 Deflection Analysis

This portion of the design serves the purpose of

deriving the limit station function as an expression of

deflection. This function is used to determine an

appropriate spring stiffness (k) for the design of a shock

absorber. During this point of the design stage, it is
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important to design a compression spring that prevents

buckling from occurring in the system [4].

Using FIGURE 3-1, the maximum deflection is determine

by selecting the appropriate curve. Curves A and B are for

two different types of compression spring ends. Curve A is

for a compression spring where one end of the plate is free

at the tip. Curve B is for a compression spring where the

ends are constrained and parallel such as plain ground ends.

The equation for deflection can be derived from strain

8=8FD3" (3-s)
d4G

energy methods [4]. The deflection is

which consist of the applied load, n number of coils, d wire

diameter, G modulus of rigidity, D the mean coil diameter.

Using Equation 3-3, the limit state function is derived as

8FD3n
g=Sma x-- (3-6)

d'G

where, F,D, d, G are random variables. For this equation,

the maximum deflection is determined from FIGURE 3-1.

3.3 Vibration Analysis

After deriving all the expressions for the design or

selection of a spring, the most critical part of the design
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is decreasing the vibrations by using viscous damping. The

importance of decreasing the vibrations lies in the fact

that an automotive suspension system is to isolate the car

body from road irregularities. Thus while the axles may

undergo fairly violent motions in response to bumps, the car

body is not to be affected by them. Therefore, the use of

vibration analysis is implemented into this design process.

The shock absorber was designed for a worst case

scenario, a harmonic force was used to represent

irregularities in a road as shown in Equation 3-7.

F(t) _Fsin_ot (3-7)

The function, F(t) is an external force that is time

dependent time. F(t) is used to represent the forces caused

by irregularities or bumps that a vehicle encounters while

driving over a road. In Equation 3-7, _ is the angular

frequency in units of rad/sec. The angular frequency is

simply a representation of how often the bumps will occur.

The damping is represented by the dashpot, which exerts a

force Fd on the mass m, given by Fd = -cx, where x is the

vertical displacement of the mass in units of ft or meters.

The damping constant c has units of ib-s/ft or N.s/m. The

negative sign indicates that if dx/dt > o, then Fd is in the
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negative x direction, and vice versa [5]. The stiffness is

represented by a linear spring, so that the static force,

Fs, exerted on the mass m by the spring is defined by Fs =

-kx; k is the spring constant, in units of ib/ft or N/m. The

negative sign in Fs is important since it states that the

force opposes the displacement[6]. Using the relationships

from above, the equation of motion is derived, see Equation

3--8.

m d2x+cax ¢3-s)
dt 2 dt

Since the objective is to design the shock absorber

elements so that the vertical motion of the car body in

FIGURE 2-1, remain very small even if the a}:le motions are

fairly violent. An expression for analyzing the vertical

displacement can be derived, by which this equation is used

in the NESSUS code. Solving for x in Equation 3-8, an

expression for vertical displacement is obtained as

_ F _ f_ 2)C06 f_t +C Si.llf._t]
2 2 m m

X, m[(k _ ¢_2)2+___2 ] [(k

and,
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Xc=e-_ k c 2 k c 2t + c2c_ -
m m 2 m m 2

0

where,

x=xc+xp 0-9)

Since Equation 3-8 is referred to as a nonhomogeneous

second-order differential equation. The general solution

consists of a complementary solution, Xc, plus a particular

solution, Xp. The complementary solution X c defines the free

vibration. The particular solution Xp describes the forced

vibration of a mass caused by the applied force in Equation

3-7 [6].

Equation 3-9 is implemented into the NESSUS code as a

limit state function. This equation is used to determine the

maximum displacement for the mass and shock absorber while

it is subjected to a harmonic motion. Therefore, a limit

state function is generated, as shown below.

 =Xmaz- txc+x p) (3-10)

There are many random variables that can be used as design

parameters in Equation 3-10. But, the most critical ones are

which is related directly to the frequency of bumpy roads



or irregularities, the harmonic force F(t) which changes

with respect to time, and the damping constant c.

17
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TABLE 3-1: Constants Used To Estimate The Tensile

Strength [4] .

Material

Constant, A
Size range, Size range, Exponent,

in mm m k_si MPa

R_sic wire 0. 004-0. 250 0.10-6.5

Oil-tempered wire 0. 020-0. 500 0.50-12

Hard-drawn wire 0. 028-0. 500 0.70-12

Chrome vanadium 0. 032-0. 437 0.80-12

Chrome silicon O. 063-0. 375 i. 6-10

0. 146 196 2170

0. 186 149 1880

0. 192 136 1750

0. 155 173 2000

0. 112 202 2000
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CHAPTER IV

DESIGN CRITERIA FOR SHOCK ABSORBER

This chapter provides detail information for the actual

design of the shock absorber and how to determine the mean

values and standard deviation which are used as input data

for the NESSUS code. The probability of failure is determine

by analyzing the stress, deflection, and vibrations.

The designer must assume the following are known:

(a) The material that is used.

(b) The outside diameter of the helical spring.

(c) Wire diameter

(d) Vehicle weight

(e) An understanding of how the shock absorber will

be subjected in its environment.

Using the assumption above, the designer can determine

the following necessary information.

(a) The maximum torsional shear stress for the spring.

(b) The maximum deflection

(c) The free length for a helical compression spring

that is used with the shock absorber.

(d) The spring stiffness which is used in

conjunction with vibrational analysis.

(e) The damping constant.

After determining these values above, the NESSUS Code is

2O
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used in the design procedure to quantify the probability of

failure for the shock absorber.

PROBLEM STATEMENT:

A shock absorber is to be designed for a vehicle that

has a body weight of 2700 ibs. The shock absorber must fit

into an area where the diameter will not exceed 3.6 inches

and total length will not exceed 28 inches in height. The

spring that aids the shock absorber will have a wire

diameter of 0.60 inches and the total number of coils will

not exceed 30. The each shock absorber is subjected to an

angular frequency of 3 rad/sec and a 900 ib maximum load.

Find:

Determine the mean values for the NESSUS code. Use PDM

to improve the design by analyzing stress, deflection, and

vibrations.

Given:

I. Car weight=2600 lb

2. Wire diameter d=.60 inches

3. Outside diameter Do=3.6 inches

4. Material- Chrome vanadium

5. Ends are plain and ground

6. Total number of coils Nt=30

7. Angular frequency, w = 3rad/sec

8. Maximum force Fmax=900 ibs



Properties:

i. G= llxl06 psi, Modulus of Rigidity for Chrome

vanadium.

22

Solution:

I. The first step involves making all the necessary

calculations for the helical compression spring.

(a) Minimum Tensile Strength using Equation 3-3

Zut=173,000 psi/(.60) "155

_ut=187,254.7 psi

(b) Maximum Torsional Shear Stress using Equation 3-4

Zmax =('51)x(187,254"7)=95,499"9 psi

(c) Spring Index C=D/d (4-1)

Diameter D=Do-d=3.0 inches

C = 3.0/0.6 =5

(d)

(e)

Stress Correction Factor

Ks=(2C+I)/(2C)

Ks=(2x5+l)/(2x5)=l

Number of Active Coils

Na=Nt-i

N=Na=30-1=29

(4-2)

(4-3)



(f>

(g)

Free Length

L0=d (Na+l)

Lf= .6)(29+i)

Lf=lSinches

Maximum Force Fs==d3z/8KsD

Fs=(3.14) (.6}3(95,499.9)/8(i.i) (3.0}

Fs=2,453.47 ib

(4-4)

(4-5)

23

<h) Spring Rate

K=d4G/SD3N

K=(.60)4(llx106)/(8(3)3(29))

K=227.5862 ib/in or 2,731.03 lb/ft

(4-6)

(i)

(j>

II.

Maximum Deflection is determined from FIGURE 3-1.

Using Lf/D = 6, the ratio of deflection to free length

is determined.

8/Lf=.4

Therefore, the maximum deflection without buckling is

6max={.4) (Lf)=7.2 inches

Fatigue Loading

(a) Bergstrasser Factor

KB= (4C+I) / (4C-3) (4-7)

KB=(4 (5) +i) / (4 (5)-3) = 1.24



b) Alternating Force

Fa = (Fmax-Fmin)/2

Fa=(900-650)/2 ibs

Fa=125 ibs

(c) Midrange Force

Fm-- (Fmax+Fmin)/2

Fm:(650+900)/2 ibs

Fm=775 ibs

(d) Alternating shear-stress

Ta = (KB8FAD) / (=d 3)

ra={l.24) (8)(125)(3)/(3.14)(.6) 3

Za=5,484.78 psi

(e) Midrange shear stress

Zm= (KsSFmD) / (_d 3)

_m=(1) (8)(775)(3)/(3.14)(.6) 3

_m = 27,423.92 psi

f) Endurance limit for plain and grounded ends[4].

Sse = 45.0 kpsl

g) Factor of safety using Goodman's criterion.

n =(Sse_max)/(_aTmax+_mSse)

n =(45.0) (95.5)/(5.5) (95.5)+(27.4) (45.0)

n=2.4

III. The next step involves determining input data for

vibration analysis.

(a) The mass acting on the shock absorber

m = w/g = (650 ibs)/(32.175ft/s 2)

(4-8)

(4-9)

(4-10)

(4-11)

(4-12)

24



(b)

25

m = 20.2 slugs

The critical damping coefficient is determine from mass

and spring stiffness.

c = 2m(k/m) 1/2

c = 2(20.2) (2731.034/20.2) .5

c = 469.75 ib.s/ft

(4-13)

(c) The maximum vertical displacement, Xma x, shown in

Equation 3-10 is obtained after plotting Equation 3-9,

as shown in FIGURE 4-1.

After going through the deterministic results for the

shock absorber, the following mean values were obtained in

TABLE 4-1. Using these values, many trial experiments were

performed using the NESSUS code to reduce the probability of

failure in the design. In each trial experiment, the

sensitivity of each random variable is displayed on bar

charts as shown in FIGURE(4-2 through 4-4). The random

variable with the highest sensitivity is the most crucial

variable for reducing the probability of failure and vice

versa. Also, fault tree analysis was performed to find

reliability of the system as shown in TABLE 4-11.
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Response for Shock Absorber

5

4 .........................

-2
0 0.20.40.60.8 1 1.21.41.61.8 2 2.22.42.62.8 3

Time(sec)

FIGURE 4-1: Displacement Verses Time For Shock Absorber.

TABLE 4-1: Mean Values Obtained From Calculations.

Zmax torsional shear stress 95,499.9 psi

D, mean diameter of spring 3.0 inches

d, wire diameter 0.60 inches

N, number of active coils 29

F load 650 ib

K spring constant 2731.03 ib/ft

Xmax, displacement 4.35 inches

8ma x deflection 7.2 inches

c damping constant 469.75 ib.s/ft

Factor of Saftey for fatigue



INPUT DATA FOR TRIAL 1

27

TABLE 4-2: Random Variables For Deflection, Trial 1.

Random Var Mean Std Dist Type

d 0.60 inches .014 inches normal

D 3.0 inches .045 inches normal

N 29 4.87 normal

F 650 ibs 124 lbs normal

TABLE 4-3: Random Variables For Stress, Trial 1.

Random Var Mean Std Dist Type

d 0.60 inches .014 inches normal

D 3.0 inches .045 inches normal

_max 95,499.9 psi 8,000 psi normal

F 650 lbs 124 ibs normal

TABLE 4-4 : Random Variables For Vibrations, Trial 1.

Random Vat StdMean

c 469.7 Ib.s/ft 61.06 lb.s/ft normal

3 rad/s .39 rad/s normal

F 650 ibs 124 ibs normal

Dist Type



INPUT DATA FOR TRIAL 2
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TABLE 4-5: Random Variables For Deflection, Trial 2.

Random Vat Mean Std Dist Type

d 0.60 inches .010 inches normal

D 3.0 inches .025 inches normal

N 29 3.07 normal

F 650 ibs 90 ibs normal

TABLE 4-6: Random Variables For Stress, Trial 2.

Random Vat Mean Std Dist Type

d 0.60 inches .010 inches normal

D 3.0 inches .025 inches normal

_max 95,499.9 psi 6,500 psi normal

F 650 ibs 90 ibs normal

TABLE 4-7: Random Variables For Vibrations, Trial 2.

Random Vat Mean Std Dist Type

c 469.7 ib.s/ft 45.0 lb.s/ft normal

3 rad/s .30 rad/s normal

F 650 ibs 90 ibs normal



INPUT DATA FOR TRIAL 3

29

TABLE 4-8: Random Variables For Deflection, Trial 3.

StdRandom Vat Mean

d 0.60 inches .058 inches normal

D 3.0 inches .015 inches normal

N 29 2.07 normal

F 650 ibs 50 ibs normal

Dist Type

TABLE 4-9: Random Variables For Stress, Trial 3.

Random Var Mean Std Dist Type

d 0.60 inches .058 inches normal

D 3.0 inches .015 inches normal

_max 95,499.9 psi 4,500 psi normal

F 650 ibs 50 ibs normal

TABLE 4-10: Random Variables For Vibrations, Trial 3.

Random Vat Mean Std Dist Type

c 469.7 ib.s/ft 34.0 ib.s/ft normal

3 rad/s .23 rad/s normal

650 ibs 501bs normalF
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TABLE 4-11: Probabilistic Results.

3g

Stress Analysis 3.2xi0 -4 Prob of Failure

Deflection Analysis 5.7xi0-4 Prob of Failure

Vibration Analysis 2.8xi0 -5 Prob of Failure

Fault Tree Analysis 8.6x10 -4 Prob of Failure

Factor of Safety For Fatigue 2.48

Failure

TABLE 4-12: Design Specifications.

D, mean wire diameter 3.0 ± .015 inches

d, wire diameter .60 ± .058 inches

Ls, Free length 18 inches

c, dam_ing constant 469.7 ± 34 lb. s/ft

N, number of coils 29 ± 2.07



CHAPTER V

CONCLUSION

In concluding this project, the design parameters and

functional requirements were clearly defined. An overview of

Probabilistic Design Methodology was outlined along with the

computer code NESSUS. The equations for the design para-

meters were generated for the three failure modes defined in

Chapter three such as stress, deflection, and vibrations,

and the probabilistic results were obtained.

From the results obtained, as shown in Chapter four,

the stress analysis was used to obtain the probability of

failure under torsional shear stress and the factor of

safety for fatigue failure. Along with this analysis,

deflection was analyzed to design the spring component so

that buckling will not occur in the system. Under the

vibration analysis, the spring component was lumped with the

damper to analyze the vibrations in the complete system.

Also, the reliability of the system was determined using

fault tree analysis, and the design specifications were

generated for the shock absorber.

It is clear that Probabilistic Design Methodology(PDM)

is very effective in determining the reliability of a system

by quantifying the probability of failure due to stress,

deflection, and vibration.

40



Finally, this project has provided all the steps of

designing a shock absorber using PDM. From the results

obtained in Chapter four, one can see that PDM is a very

effective means of designing a system which is reliable.

41
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CHAPTER I

INTRODUCTION

The evaluation of an engineering design is done by

deterministic methods. This conventional form of evaluation

leads to the determination of a factor of safety. In the

preliminary design phase, the engineer could specify a

factor of safety in order to ensure a durable design. The

factor of safety is determined as the ratio of the failure

stress to the stress incident on the structure or element.

Some deterministic methods involve usage of the worst case

scenario. This ultra-conservative method utilizes the

assumption that the combination of the worst possible design

parameters in a design produces a design void of probable

failure. The deterministic approach to design totally

discounts any possible variations in the component's

dimensions, material properties and any loads which may be

externally applied. This sets down the path for

probabilistic design as a valuable alternative to

deterministic design methods.

Probabilistic Design Methodology (PDM) concerns itself

with the reliable performance of a machine element or

structure. It differs from deterministic methods in that it

seeks to quantify the uncertainties between the safe and
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failed region. The fact that the design parameters are

statistical in nature is a consideration of probabilistic

design. PDM makes it simpler to predict the behavior of

structural performance. This is because the reduction in

uncertainties is conducive to producing reliable results.

Consider a helical spring given to an engineer for

performance testing. The engineer could apply a non-constant

load to the spring of about 20 ibs. Stress will occur as

this load is being applied. The mean diameter could contract

or expand. The wire diameter could react to the load in the

same manner. The amount that each particular design

parameter increases or decreases can be specified by some

standard deviation from their mean value. The design

parameters are the variables used to completely model the

failure modes. If the type of distribution and standard

deviation for each design parameter and the yield strength

(Sy) of the material is known, the probability of failure

for the helical spring can be predicted from [I]

g : Sy - o (1-1)

Where,

g = variable defining limit state function

s = standard deviation (psi)

a = stress incident on spring (psi)
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C -S-o

.f,_ ,, 10
;'- 30 _" 40 Stress. Ks,
s'8 sv'6

FIGURE I-I : DISTRIBUTION OF YIELD STRENGTH AND STRESS [I]
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The limit state function or g-function, which was defined by

Q in FIGURE I-I, is the equation which defines the boundary

between the safe and failed regions. It is the distribution

curve determined from the area where the s distribution

curve overlaps the yield strength distribution curve. When

the g-function, Q, becomes negative, the spring will become

unreliable because the stress on the spring will have

exceeded it yield strength. Thus the probability of failure,

P_, can be defined by [i]

Pf = P(c > Sy) (1-2)

The terms probability of failure and reliability are used

interchangeably to define a good and bad design

respectively. The reliability, R, is the probability that

the strength exceeds the stress or the stress margin is

greater than zero. It is a function of the probability of

failure and is defined as [2]

R = 1 - P: (1-3)



CHAPTER II

BACKGROUND INFORMATION

A spring is a flexible element utilized to exert a

force, torque or store energy. The force is either a push or

pull in linear fashion. The spring possesses rebounding

capabilities for returning to its original shape and

dimension.

2.1 Helical Springs

Helical springs are basically made from round wire,

wrapped into a straight cylindrical form. Helical

compression springs have a constant pitch between adjacent

coils. There are four end treatments which are shown in

FIGURE 2-1. The free length is the length of the spring when

no load is applied to it. The coils of the spring are

compressed together when the force is applied. When the

coils are touching completely, this minimum length is called

the solid length. The spring undergoes deflection as it is

pushed linearly to its solid length.

Helical extension springs are almost identical to the

helical compression spring in shape, but a force must be

applied to it in tension. It undergoes deflection as the

tensile force is applied linearly. The fundamental

difference between the compression spring and the extension

5
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spring is that the coils of the extension spring are

touching or at least closely spaced when in its free length

state. An example of this type of spring is that used in a

ball point pen. As the tensile force is applied, the

spring's energy is converted into a pulling force. There are

several end configurations for the helical extension spring

shown in FIGURE 2-2.

In this paper, a helical compression spring is used to

demonstrate the applicability of PDM in determining the

reliability of a helical spring. When the spring is

compressed, the wrapped wire which makes up the spring

twists and undergoes torsional shear stress, _. equated by

[3]:

8KF D
0 nl

"_ - 12-11
nD _

W

Where,

K = Wahl constant

= Force on spring

D, = Mean diameter

Dw = Wire diameter

The Wahl constant accounts for the curvature in the

spring. FIGURE 2-3 shows the points out each design

parameter on the spring. The compression spring can be

compressed to a point exceeding its maximum deflection. If

this occurs, the spring will then fail due to deflection.
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The equation for deflection is [3]

f D

8FD_N
0 m a

GDw 4

(2-2)

Where,
Na = number of active coils

G = spring modulus of elasticity
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{a) Plain ends (b) S<luared and |round ends
coiJ_l rl|h¢-hand coiled left-hand

(c) Square_ or closecl ends (d) Plain ends |rouncl
no_ |roun,t ¢otled rilih¢-hancl coiled lef¢-hancl

FIGURE 2-1: HELICAL COMPRESSION SPRING END

TREATMENTS [3 ]
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CHAPTER III

APPLICATION OF PROBABILISTIC DESIGN METHODOLOGY

Probabilistic Design Methodology establishes an

organized format for designing durable products using

probabilistic design. The sequential stages of this

methodology can be outlined as:

1. Problem Definition

2. Creating acceptable design parameters

3. Related the defined problem to design parameters

4. Data assembling and application

5. Probabilistic Analysis

6. Interpreting results

The objective is to design a reliable helical spring using

probabilistic design methodology and to identify the

critical design parameters of the spring. For the sake of

contrast, a deterministic approach will be taken first. And

finally, the problem is approached probabilistically by

applying PDM.

Problem Statement

Evaluate the design described by the parameters of an A231

chromium-vanadium steel helical compression spring. Identify

the critical design variables.

Given:

11



L_ = 6 in. Dm= 0.75 in.
Fo = 20 lb. Dw = 0.15 in.

G = ll.2x106 psi Na = 5

The torsional shear stress, _, which occurs on the helical

spring is shown as equation 2-1, but is repeated here for

clarity [3]

12

(8 *D *F *k)
fn o

= (2-1)
nD 3

W

The spring could buckle if the deflection on the spring

exceeds its critical deflection. The deflection, f, is

equated by [3]

8 *F *D 3,Na
f = o m (2-2)

GD 4
W

Both of these equations characterize the failure modes of

the spring. If this problem is looked at deterministically,

the worst possible values are taken from the given

information. For this problem, the force will be taken as 25

Ibs. as opposed to 20 ibs. The shear stress on the spring is

computed as 18.6xi03 psi. Noting that the ultimate strength

of the vanadium-chromium spring is 130x103 psi, the factor

of safety is 7. This is a high factor of safety and should

be indicative of a reliable design.
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Results

Deterministic Method:

Given: F = 25 lb.

Stress, S

S,ax= 130x10 s psi

= 18.6xi03 psi

FS = 7

When the deflection is calculated, it is computed as

0.07 in. Using FIGURE 3-1, the critical deflection is

determined to be 0.6 in. This means that the spring will

buckle if it is deflected more than the critical deflection.

There is a 88% difference in the occurring deflection. This

means the spring can deflect 88% percent more than the

actual deflection before it buckles. This is also indicative

of a successful design outcome. These values do not account

for the fact that the load will not always be 25 ibs. This

means the design is over-designed and will be costly to the

customer. The results from the deterministic methods for

deflection are printed below as:

Deflection, f

fcrlt = 0.6 in.

f = 0.07 in.

% Difference = 88.3%

When PDM is applied to this problem, all of the given design
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FIGURE 3-I: CRITICAL DEFLECTION GRAPH [3]
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parameters are treated as random variables. The stages of

the methodology are then applied to this problem.

3.1 Problem Definition

In order to evaluate the design described by the

parameters, the reliability must be determined from the

failure modes. The failure modes are torsional shear stress

and deflection. They are also referred to as response

functions or responses [4]. These response functions are

noted as equations 3-1 and 3-2. Since some parameters are

more crucial to the design than others, special attention

should be given to them. These particular variables are

critical and can be identified from the sensitivity analysis

performed by NESSUS.

3.2 Creating Acceptable Design Parameters

The design parameters are defined from the responses.

The design parameters of the helical compression spring are

Di, D_, _, S, G, L_, Na. FIGURE 2-3 shows the design

parameters on the spring. These variables completely

characterize the possible failure of the design.

3.3 Relating Problem Definition to Design Parameters

The design task is to design a reliable spring.

Considerations should take probability of failure, size and

weight provisions, and economics into account. Since the

cube of the wire diameter, D,, is inversely proportional to
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the shear stress, _, it was expected to be a critical design

parameter. The force is not a parameter which can be varied

because it is a specified condition of the system. The

system is taken to mean the helical spring and the

compressive force on the spring. Varying the parameter, G,

means changing the material. S is the ultimate strength and

must be varied by selecting a stronger material (one with

higher strength) or using some material processing technique

to increase the strength of the material. Designing a

reliable spring is dependent on the factors which

characterize the design parameters and the parameter

magnitudes.

3.4 Data Assembling

This stage of the methodology involves utilizing the

computer code NESSUS to assemble data which is not accounted

for in the response functions. The code provides the

designer with the ability to generate more details conducive

to analyzing the system probabilistically. At this point in

the paper, information about the computer code called NESSUS

is imparted.

NESSUS has three different modules used to perform the

analysis. NESSUS/PRE generates statistical data necessary

for probabilistic design analysis. Uncertainties in the

failure modes are quantified from the design parameters,
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which are considered as random variables.

3.4.1 NESSUS Computer Code

NESSUS/FEM is the portion of the code which enacts the

finite element module. This module is used for to analyze

structure and perform a sensitivity analysis of the random

variables. The sensitivity analysis uses mathematical

modeling to indicate which DPs are critical and have the

most crucial effect on the probability of failure.

NESSUS/FPI is the module with a fast probability

integrator. Data from the NESSUS/FEM module is needed to

utilize the third module of NESSUS. This module also

develops the cumulative density function, which aid in

determining the median of the values generated between the

range of the lower and higher standard deviation from the

mean value of a specific design parameter [5]. The

cumulative density function is used for computational

purposes in this module also.

The designer must select the probability distribution

which best describes the each random variable. There are

many type of distribution. Since all of the design

parameters were assumed to take a normal distribution, this

type of distribution is the only distribution of concern in

this paper.



18

3.4.2 Normal Distribution

This type of distribution is also known as the Gaussian

distribution. Many sets of engineering data have normal type

distribution. The measurements which form the mean usually

form a bell shaped curve. The types of measurements which

follow this type of curve is usually the length and diameter

of the bar, or the strength of the material. The probability

density function or equation of the normal curve is [2]

(-0.5.-_) 2
f(x) - 1 e (3-I)

Where,

x = measurements in a set of data

= mean value of data

8 = standard deviation from mean

3.5 Probabilistic Analysis

The limit state function or g-function is defined

at this point of the design methodology. The first limit

state function is formulated from the shear stress equation

3-1 as [5]:

( 8 *D *F *K)
g, =S- " °

nD 3 13-21
w
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Where,

g, = limit state function for torsional shear stress

S = ultimate strength of the Chromium - Vanadium (psi)

The data which was input into the NESSUS code from the shear

stress failure mode as shown in TABLE 3-1 was from the first

trial of the sensitivity analysis. The sensitivity analysis

from this trial is depicted in FIGURE 3-2. Each design

parameter has a standard deviation which covers the maximum

to minimum range of possible values for the variable. The

mean value represents the midpoint of the range. The

probability of the spring failing because of shear stress

can be determined according to the inequality equation [5]

P: = g, _ 0 (3-3)
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TABLE 3-1: TORSIONAL SHEAR STRESS FAILURE MODE

DATA INPUT TABLE TRIAL 1

DP

S (psi) 130x102 32.5xi02 NORMAL

Fo(lbs) 20 5 NORMAL

Dm(in.) 0.75 0.075 NORMAL

Dw(in.) 0.15 0.015 NORMAL
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SENSITIVITY (STRESS)
TRIAL 1

0.2_

0.512

-0.812

0 0.2 0.4 0.6 0.8 1
PROBABIUTY OF FAILURE = 0.3497 {FS= 1.7}

FIGURE 3-2: TORSIONAL SHEAR STRESS

ANALYSIS TRIAL 1

SENSITIVITY
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TABLE 3-2 : TORSIONAL SHEAR STRESS FAILURE MODE

DATA INPUT TABLE TRIAL 2

S (psi)

Fo (ibs)

Dm (in.)

D_ (in.)

130xlO 2

20

0.75

0.23

32.5xi02 NORMAL

5 NORMAL

0.075 NORMAL

0.023 NORMAL
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SENSITIVITY (STRESS)
TRIAL 2

0.373

-0.0774

0 0.2 0.4 0.6

PROBABILrrY OF FAILURE = 0.00176 {FS=2.3}

0.8 1

FIGURE 3-3: TORSIONAL SHEAR STRESS SENSITIVITY

ANALYSIS TRIAL 2
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The second limit state function relates to the spring

failing by buckling or exceeding its maximum deflection. The

g-function for this occurrence is represented by:

f_

L_

8 _F *D __Na
0 m

GD _
W

(3-4)

fcr_t is the deflected length at which the spring will buckle.

The critical ratio, f=rit to the free length, Lf, is

determined from the chart shown in FIGURE 3-1 [3]. The

critical ratio is read from FIGURE 3-1 as a function of the

free length and mean diameter, Dm. The curve in FIGURE 3-1

was curve fit to determine the relationship for the

deflection ratio. Each curve, denoted as A, B, and C

represents the critical ratio for a helical spring which is

fixed at both ends, fixed at one end, or pinned at both

ends.

A relationship was determined by fitting each curve with an

exponential equation, thus representing the critical ratio.

The equations for curves A, B, and C are as follows:

Curve A

fcrit _ 2.48e-°'3_s_ _

L_

(3-5)
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Curve B

Lf

-0. 353 ( _ )
_:i= _ 1.848e (3-6)

L£

Curve C

I,f

-0. 553 ( -_j )
_:ic _ 1.944e (3-7)

L£

This makes the g-function for deflection, gA, different. For

example, for curve A:

g_ = (L_,2.48e

c_ 3N
"°315(T) 8ED

) _ o _ _ (s-e)
GD 4

w

which is obtained by substituting equation 3-5 for the

critical ratio in equation 3-4. The input for the second

deflection failure mode is shown on TABLE 3-6. In this

table, the distribution for each design variable was taken

as normal. Equations 3-4 and 3-8 define the two failure

modes for a helical spring.

The spring will fail when it extends beyond its

critical deflection. This can be seen in equation 3-9 when

the probabiiity of failu_:e is determined from the deflection

incident on the helical compression spring, defined by ga.



When g_ is less than or equal to zero [5]

P: = g_ < 0 (3-9)

26

The sensitivity analysis for the first trial of the

deflection failure mode is depicted in FIGURE 3-4.

For the final results of the probabilistic analysis,

the failure modes are run simultaneously through NESSUS.

This gives consideration to the possibility that the spring

may under go detrimental stress and buckle simultaneously.

These occurrences are the consequences of shear stress and

deflection. For the sake of analogy, the deterministic and

probabilistic design results will be shown on consecutive

pages as TABLES 3-3 and 3-4 respectively.

3.6 Explanation of Results

There are two failure modes for which a sensitivity

analysis must be executed. The sensitivity analysis

identifies the most critical design parameters and yields a

probability of failure for the defined limit state function.

From the sensitivity analysis of the stress limit state

function, it can be interpreted that the wire diameter, D.,

is the most critical parameter as seen in FIGURE 3-2. The

wire diameter has the greatest magnitude of sensitivity. The

negative sign is discarded because it only represents the

direction the parameter should be varied in order to

decrease the probability of failure. Since there is a
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TABLE 3-3: FINAL RESULTS OF HELICAL SPRING DESIGN

FOR .DETERMINISTIC METHOD

nf

_ME_ iii,iiii_i!i_i!i__̧,_i_i_,_Ci/ili_,i/iii!_iii!iiiiiiiii/iiiiiiiiiiiijiili

6 (in.)

Dr, 0.75 (in.)

D,_ 0.15 (in.)

Na 5

THE DESIGN HAS A FACTOR OF SAFETY OF 7

IT CAN DEFLECT 88.3% MORE BEFORE IT BUCKLES
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TABLE 3-4: FINAL RESULTS OF HELICAL SPRING DESIGN

FOR PROBABILISTIC METHOD

_ilDp̧ i i i i!!!

L_ 6 (in.)

*Dr. 0.9 (in.)

*Dw 0.40 (in.)

Na 5 !

* MOST CRITICAL DESIGN VARIABLES

THIS DESIGN HAS A 3.34xI0-4% CHANCE OF FAILING
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negative sign in front of the sensitivity for the wire

diameter, the design parameter should be increase in order

to lower the probability of failure. The force, _, is not

considered a design parameter which can be varied by the

designer because it is a given. The probability of failure

is calculated at this point using NESSUS. For trial two, the

dimension of the wire diameter is increased, therefore,

decreasing the probability of failure. FIGURE 3-4 follows

TABLE 3-3 and shows the sensitivity and the probability of

failure which corresponds to data in the input TABLE 3-3,

likewise FIGURE 3-5 follows TABLE 3-4. The sensitivity

results for trials 3, 4 and 5 are shown in the APPENDIX as

FIGURES A-l, A-2 and A-3 respectively.

From the first trial of the sensitivity analysis for

deflection, the magnitudes of the sensitivity for each

design parameter show that the mean diameter is the most

critical parameter that affects deflection (see FIGURE 3-4).

Since the mean diameter from trial 1 has a negative sign in

front of its sensitivity factor, its mean value is increased

in the second trial as seen in TABLE 3-4. The sensitivity

factors and the probability of failure for the second trial

is shown in FIGURE 3-4. The deflection sensitivity results

for trials 3, 4, and 5 are shown in the APPENDIX as FIGURES

A-4, A-5, and A-6.
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TABLE 3-5: DEFLECTION FAILURE MODE DATA INPUT

TRIAL 1

TABLE

Lf (in. ) 6 1 NORMAL

Fo (ibs ) 20 5 NORMAL

Dm(in.) 0.75 0.075 NORMAL

Dw (in.) 0.15 0.015 NORMAL

G (psi) II. 2x106 64.00xl03 NORMAL

Na 5 1 NORMAL
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SENSITIVITY (DEFLECTION)
TRIAL 1

-0.994

lU (in.)

1Fo(Ib)

DI3_n(in.)

EEINa

DG (p=)

lOw(in.)

0 0.2 0.4 0.6 0.8 1 1.2

PROBABILI'W OF FAILURE = 0.661E-3

FIGURE 3-4: DEFLECTION SENSITIVITY ANALYSIS TRIAL 1
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TABLES 3-6: DEFLECTION FAILURE MODE DATA INPUT

TABLE TRIAL 2

L_ (in.) 6 1 NORMAL

Fo (ibs) 20 5 NORMAL

D. (in.) 0.8 0. 080 NORMAL

D_ (in.) 0.15 0. 015 NORMAL

G (psi) ll.2x106 64.00xi03 NORMAL

Na 5 1 NORMAL
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SENSITIVITY (DEFLECTION)
TRIAL 2
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PROBABILITY OF FAILURE = 0.455E-3

FIGURE 3-5: DEFLECTION SENSITIVITY ANALYSIS TRIAL 2
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TABLE 3-7 shows the dimensions of the design parameters

at a probability of failure of 3.34 x 10 .4. This probability

of failure occurred when the failure modes were run

simultaneously. FIGURE 3-6 shows that the wire diameter and

the mean diameter are clearly the most sensitive and

therefore most critical design parameters which can be

varied. A relationship between the spring weight and the

reliabilty can be determined. The weight, W, was computed as

W = yV (3-10)

Where,

7 = specific weight of vanadium-chromium (ib/ft 3)

V = volume of spring (ft 3) [6]

The weight is plotted versus the probability of failure and

shown in FIGURE 3-7. The graph shows that as the weight

increases, the probability of failure decreases.

FIGURE 3-8 shows the coefficient of variation (COY) plotted

against the probability of failure. COV relates the standard

deviation to the mean of the design parameter by the

equation [2]

COV = -- (3-11)
P

Where,

5 = standard deviation

= mean value of design pa_ameter

This plot corresponds with the wire diameter at a mean value
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of 0.15 in. The standard deviation for the plot is varied,

while the mean value is kept constant to generate the plot.

The reliability and the total cost to achieve the

reliability of the spring can be computed from [4]

C t = C i + (P: x CM) (3-12)

Where,

C_ = total cost

C± = initial cost

CH = maintenance cost

This equation implies that the probability of failure is

used to determine the chances that the spring will incur

100% of the maintenance cost on the spring. This weighs the

maintenance cost by the reliability.
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TABLE 3-7: NESSUS DATA INPUT TABLE FOR SHEAR STRESS

AND DEFLECTION FAILURE MODES OCCURRING

SIMULTANEOUSLY

¸¸MEAN

0.0 9 NORMALDm (in.) 0.9

Dw (in.) 0.4 0.04 NORMAL

L_ (in.) 6 0.06 NORMAL

Fo (ibs.) 20 5 NORMAL

G (psi) ll.2x106 2.8xi05 NORMAL

Na 5 1 NORMAL

S (psi) 130x103 3250 NORMAL
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0.0

0.274

0_512

0.2 0.4 0.6 0.8

PROBABILITY OF FAILURE = 3.34E-4

-0.812

FIGURE 3-6: SENSITIVITY ANALYSIS FOR SHEAR STRESS

AND DEFLECTION OCCURRING

SIMULTANEOUSLY
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Prob. of Failure vs. Weight (11:._
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1.5

1

0.5

0
2.072.242.432.572.652.893.07

lw, I
*Prob. of Failurebased on random wire diameter values
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cov = a-/i_.........................................

0
0.09 0.092 0.094 0.096 0.098 0.1

Icovl

FIGURE 3-8: RELATIONSHIP BETWEEN COV AND PROBABILITY OF FAILURE



CHAPTER IV

CONCLUSION

Probabilistic Design Methodology is a valuable method

in evaluating the reliability of structures and machine

elements. This method was utilized to evaluate the

reliability of a helical compression spring. A probabilistic

analysis is performed on the spring using NESSUS, to model

the spring's failure modes.

The methodology is effective in determining the

reliability of irregularly shaped machine elements such as

helical springs. Consideration for variations in the design

parameters during the performance of the spring are taken

into account. Variables like the spring modulus from the

deflection failure mode, as seen in equation 3-5, allows for

variability in the types of materials used. This means that

a material, more conducive to increasing the reliability of

the spring, can be selected. Deterministic methods do not

take into account material selection because it does not

consider the statistical nature of the spring modulus. No

design parameters are taken to be variables in deterministic

methods. Fluctuations of the design load are also taken into

account, even though it is a specified condition of the

4O
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system. For example, an elevator design has a maximum

capacity limit, but the limit will be exceeded sometimes.

Provisions must be made for these overloading conditions.

However, designing to the worst possible condition can be

very costly and unnecessary. The deterministic method

assumes the worst case design, using the most unfavorable

combination of design parameters to develop a safe and

conservative design. The probabilistic design method

quantifies the uncertainties in the design. This helps to

eliminate the use of excessive material in order to achieve

a safe design. Different characteristics of the spring such

as weight can be determined as a function of reliability

thus, developing a favorable probability of failure while

satisfying various weight constraints. Other design

constraints such as size can be taken into account as a

function of reliability. It is also possible to develop a

durable design by considering the reliability as a function

of the total cost to achieve this reliability. Use of the

worst case scenario by deterministic methods automatically

discounts realistic economic considerations. This is because

there is a very large margin of uncertainty of whether the

design will fail or not.
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